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Introduction

This chapter is an introduction to the thesis and covers various aspects of
nanoscience that are pertinent to the thesis. A brief description of nanomaterial
synthesis has been presented first. A detailed sketch of polymer/ metal nanoparticle
composites and their use in tissue engineering has been included. Antibacterial
polymer scaffolds have been briefly summarized. Further, the toxic effects of
nanomaterials on biological systems at the cellular and genetic levels are highlighted,
thus, bringing out the need for toxicity assessments. Finally a brief outline of the

thesis is laid-out.




Chapter 1

1.1 Introduction to Nanoscience

Nanoscience relates to the investigations on the synthesis, properties and
applications of materials whose size falls in the range of 1 to 100 nm (Fig. 1.1). At the
nanometre scale, many materials display properties that are different from both the
individual atomic and macroscopic scales. This opens avenues for certain unique
applications based on these materials to be explored. In some senses, nanoscience and
nanotechnologies are not new. For many decades, chemists have been making
polymers, colloids and have been working with many bio-macromolecules which are
made up of nanoscale subunits. However, advances in the tools that now allow atoms
and molecules to be examined and probed with great precision have enabled the
expansion and development of nanoscience and nanotechnologies. All put together,

nanoscience can be defined in a more logical manner as:

“The design, characterization, production, and application of structures,
devices, and systems by controlled manipulation of size and shape at the nanometer

scale (atomic, molecular, and macromolecular scale) that produces structures,

devices, and systems with at least one novel/superior characteristic or property.” [1]
Red blood cell
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Figure 1.1: Scale representing the size range in which nanoparticles fall. (Images courtesy
http://images.google.co.in)
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The properties of bulk materials often change considerably at nano-scale [2-7].
Composites made from particles of nano-size ceramics or metals smaller than 100
nanometers can attain strength on decreasing the grain size of the material used [4b].
According to Hall-Petch relationship, the material strength goes on increasing with
decrease in grain size until a size range is reached, after which further decrease in size

causes decrease in strength [4c]. The causes of these drastic changes stem from the
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surface, electronic and quantum confinement effects. The bulk properties of any
material are merely the average of all the quantum forces affecting all the atoms. As
things become smaller and smaller, eventually a point is reached where the averaging
no longer works.The properties of materials can be different at the nanoscale for two

main reasons:

First, nanomaterials have a relatively larger surface area when compared to the
same mass of material in bulk form [8]. This can make materials more chemically

reactive and affect their strength and/or electrical properties.

Second, quantum effects can begin to dominate the behaviour of matter at the
nanoscale - particularly at the lower end - affecting the optical, electrical and
magnetic behaviour of materials [9]. Materials can be produced that are nanoscale in
one dimension (for example, very thin surface coatings), in two dimensions (for
example, nanowires and nanotubes) or in all three dimensions (for example,

nanoparticles).

Thus what qualifies as "nanoscience" today is basic research and development
that is happening in laboratories all over the world. "Nanotechnology" products that
are in the market today mostly comprise of gradually improved products where some
form of nanotechnology enabled material (such as carbon nanotubes, nanocomposite
structures or nanoparticles of a particular substance) or nanotechnology process is
used in the manufacturing course. The future holds great scope for companies
manufacturing "nanoproducts" which are expected to grow very fast. The ultimate
aim of developing such technologies remains to make them affordable for common
man. The major quest, therefore, is to improve existing products by creating smaller

components and better performance materials at lower cost.
1.2 Synthesis of nanomaterials

The most challenging job in this pursuit is to synthesize nanomaterials by
employing cost effective and environmentally benign procedures. A lot of research is
being carried out in this respect and many scientists have been able to achieve this.
Yet constant improvisations are required to monitor and remove any lacuna in the

present system.
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Generally, nanomaterial synthesis involves either the “top down” or the
“bottom-up” approach. High energy ball-milling and lithographic patterning
techniques are a few of the top down methods known. These have been used for the
generation of magnetic [10], catalytic [11] and structural [12] nanoparticles. The ball
milling technique, which is already a commercial technology, has a problem of
contamination. However, the availability of tungsten carbide components and the use
of inert atmosphere and/or high vacuum processes have reduced impurities to
acceptable levels for many industrial applications. Other drawbacks of this procedure
include the low surface area, the highly polydisperse size distributions, and the
partially amorphous state of the as-prepared powders. In the bottom-up approach,
atoms or molecules are used to synthesize nanostructures. The synthesis protocols can
be further divided into physical methods, chemical methods and biological/bio-
inspired methods. Various physical methods have been successfully employed for
bottom-up nanomaterial synthesis such as vapour deposition [13], thermal
decomposition [14], spray pyrolysis [15], photo-irradiation [16], laser ablation [17],

ultrasonication [ 18], radiolysis [19] and solvated metal atom dispersion [20].

However, chemical methods have an edge over physical methods due to
several reasons. Nanomaterials such as metals, metal oxides and semiconductor
nanoparticles can be synthesized by chemical methods through reduction or oxidation
of metal ions or by precipitation of the desired composites (by carrying out
appropriate chemical reaction). Capping agents are a prerequisite in chemical
synthesis of nanomaterial. These can range from ions to bio-molecules. They provide
better shape and size control, stability and may help in the assembly of nanomaterials

[21].

As this thesis exclusively deals with metal nanoparticles, we discuss their
synthesis more comprehensively in the following. Obviously, the general precursors
used for the synthesis of metal nanoparticles are the metal salts or their
organometallic complexes. These are then subjected to reduction or decomposition to
result in the metallic systems. If the concentration of reagents, the rate of reaction and
proper capping are used, such reactions can lead to the formation of nanoparticles. As
reduction is the first step in many synthetic procedures, many reducing agents have

been employed to accomplish this. For e.g., sodium borohydride is a well known
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reducing agent. It has been used for the synthesis of nanoparticles typically gold and
silver [22]. The size of nanoparticles obtained by this method is ~ 7-10 nm. Another
well reported chemical method is that of J. Turkevich [23], where sodium citrate is
used as a reducing agent. Further, the presence of excess of the same reagent causes
negative charge to develop on the nanoparticles thereby making them modestly
dispersible in aqueous solution. The size range of these particles is between 30-45 nm.
Many a times separate capping agents are used in order to maintain the dispersion.
These can range from many organic capping agents (especially those bearing a thiol
moiety: extensively used for Au and Ag nanoparticles) [24], Bovine Serum Albumin
(BSA) [25], polyethylene glycol (PEG) [26], Poly vinyl alcohol (PVA) [27] etc. The
use of hazardous chemicals especially in the reduction step is a point of concern.
Therefore, much research is being done towards finding newer and more
environmental friendly procedures for nanomaterial synthesis. The use of biological
entities for the same has emerged as a boon. There are several reports where a wide
variety of biological substances ranging from amino acids to living microbes have

been employed to achieve this aim.

Many organisms are reported to synthesize nanomaterial intracellularly or
extracellularly. For example, unicellular microorganism such as magnetotactic
bacteria synthesizes magnetite nanoparticles [28], and diatoms produce siliceous
materials [29]. Multicellular organisms are well known to produce hard inorganic-
organic composite complex materials such as bones, shells and spicules [30]. These
composite materials consist of an inorganic component and an organic matrix
(proteins, lipids or polysaccharides), which mainly control the morphology of the
inorganic compound. The surface layer (S-layer) bacteria are reported to synthesize
gypsum and calcium carbonate layers [31]. Taking a cue from this many researchers
have successfully accomplished intracellular/ extracellular synthesis of nanoparticles
of different kinds by artificially exposing these microorganisms to the appropriate
metal ion precursors. The first of such report is probably by Klaus-Joerger and co-
workers [32]. Here they isolated an organism Pseudomonas stutzeri AG259 from
silver mine and exposed it to Ag" ions. Formation of silver nanoparticles of well-
defined size and distinct morphology within the periplasmic space of the bacteria was

seen. Subsequently, many such syntheses were reported a few of which are listed
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below. For e.g., intracellular synthesis of octahedral gold nanoparticles (5-25 nm) by
Bacillus subtilis 168 has been reported by Beveridge et al. [33]. Intracellular synthesis
of AuNPs (10-20 nm) by Fe(Ill)-reducing bacteria Shewanella algae [34] under
anaerobic environment and in the presence of hydrogen gas has been reported by
Konishi et al. Sastry et al. [35] have reported the extracellular synthesis of AuNPs by
the actinomycete, Thermomonospora spp. (an alkalothermophile; showing optimum
growth at pH ~9.0 at 50 °C). Ahmad et al. [36] have reported intracellular synthesis
and accumulation of gold nanoparticles in the cytoplasmic membrane of an
alkalotolerant actinomycete Rhodococcus spp. Nair and Pradeep [37] have presented
an account of the formation of gold and silver nanoparticles and their alloys upon the
reaction of their corresponding metal ions within cells of lactic acid bacteria
(Lactobacillus spp.) present in buttermilk. In many of these syntheses the ensuing

nanoparticles are capped in situ by the bio-molecules secreted by microorganism.

Syntheses of semiconductor nanoparticles (quantum dots) such as CdS, ZnS
and PbS have also been reported using sulfate reducing bacteria Clostridium
thermoaceticum and Klebsiella aerogenes [38], Escherichia coli. [39], family
Desulfobacteriaceae [40] etc. Metal oxide nanoparticles have also been synthesized
employing this procedure. Bansal ef al. [41] have shown extracellular synthesis of
Si0,, TiO, and ZrO, nanoparticles by employing Fusarium oxysporum and the

appropriate metal ion precursors.

In addition to the microbial synthesis of nanomaterial synthesis, extracts from
various parts of plants have also been employed for gold and silver nanoparticle
synthesis. One of them is Equisetum spp. (horsetail) [42, 43]. This provides a
possibility to explore plants as a means for synthesizing metal nanoparticle analogs.
Indeed, Yacaman and co-workers have shown that gold and silver nanoparticles are
formed within different parts of live Alfalfa plant on accumulating the corresponding
metal ions from solid media [44, 45]. In an attempt towards deliberate synthesis of
metal nanoparticles using plants, Sastry and co-workers have shown that various plant
extracts like that of Geranium spp. [46, 47], neem (Azadirachta indica) [48], lemon
grass (Cymbopogan flexuosus) [49, 50] and amla (Emblica officinalis) [51] can be
used for the size and shape-directed biosynthesis of gold [48-51], silver [46, 48, 51]

and gold-silver bimetallic core—shell nanoparticles [48].
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1.3 Applications of polymer/metal nanoparticle composites

Tissue engineering Drug delivery

4 $
. Biological
Detection of I applications of NPs !
pathogens
Cancer Hyperthermia Antibacterial agents

Figure 1.2: Schematic representation of various biological applications of nanoparticles.

Nanoparticles by themselves find many biomedical/ biological applications
which have been summarized in Fig. 1.2. In order to enhance their applicability these
nanoparticles are conjugated with or used in association with various substances. The
mixing of polymers with nanoparticles has been practiced since decades [52]. This
leads to enhancement of electrical, optical, or mechanical properties. It is a known
fact that “fillers” add strength to the matrix and also render to it certain properties like
flexibility, tensile strength, surface properties etc. These particular features are
important in many applications. The conventional fillers are rapidly giving way to
designed nano-fillers that result in tailor-made composites. Such tailor made
composites find usage in fields ranging from photovoltaic applications to scaffold for
tissue engineering. The study presented in this thesis focuses basically on biological
applications of such composite material; we therefore restrict our discussion to the
relevant field. The use of fillers along with polymers has been done not only to
provide increased mechanical strength but also mouldability; which is an important
criterion in tissue engineering applications. The applicability of polymer
nanotechnology and nanocomposites to emerging biomedical/biotechnological

applications is a rapidly emerging area of development [53].
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1.3.1 Cell/material interaction

Human body is made up of almost 10'* cells responsible for various functions
and maintained at different size ranges. These cells are structured into tissues that
finally make up organs. An individual human being is an ordered arrangement of such
organs working in unison. Proper functioning of organs is taken care by the
extracellular matrix (ECM), the natural scaffold of the body, which holds the tissues
together. Cells do not interact with naked material either in vitro or in vivo. The
material used in such applications is continuously conditioned with biological fluid
components [54]. There are several factors involved in cell/material interactions; such
as pH, ionic composition and strength of solution, temperature, functional groups

present on the matrix/scaffold as well as on the cellular proteins.
1.3.1.1 Cell adhesion

One of the most crucial steps in tissue formation in vivo or in vitro is the
interaction of cells with the matrix. It begins with cell adhesion which is involved in
various natural processes such as embryogenesis, wound healing, tissue organization,
immune response as well as tissue integration of biomaterial. The term “adhesion”
refers to the attachment phase which occurs rapidly and involves short term events
like physicochemical linkages between cells and materials via ionic forces, van der
Walls forces etc. This is followed by a long term adhesion phase involving various
biological molecules. These include extracellular matrix proteins, cell membrane
proteins and cytoskeleton proteins (Fig. 1.3). Attachment, adhesion and spreading
decide the extent of cell proliferation and eventually the fate of the implant. Material
composition and more importantly, surface characteristics of materials play a vital
role in cell adhesion to materials [55-63]. The two important parameters are surface
chemistry and surface roughness, which together have great impact on cell behaviour.
It has been demonstrated that different cell-types behave differently when they come
in contact with surfaces having varying degrees of roughness [64-67]. The
organization is surface roughness is an important parameter to be considered while
studying growth of cells in vitro. Many researchers have studied this characteristic in
terms of contact guidance phenomenon using fibroblasts and epithelial cells [68-70].
The above mentioned studies suggest that surface characteristics, especially surface

roughness guides tissue healing and thus is one of the major factor in deciding the

Ph.D. Thesis Virginia D 'Britto University of Pune



Chapter 1

implant success in vivo [71, 72]. Another important criterion for cell adhesion is the
hydrophilic or hydrophobic characteristic of the material. Cells usually adhere better
on hydrophilic surfaces as compared to hydrophobic [73]. Ruardy et al. have showed
that the human skin fibroblasts spread well along chemically characterized gradient

surfaces, following a trail showing affinity towards the hydrophilic end [74].

Gap Junction

Nucleus

Gene Transcription

Signal Transduction

p..
o
AW

Cadherin
Integrin

RGD RGD RGD RGD RGD RGD

Figure 1.3: Representation of the cell proteins involved in cell adhesion on biomaterial.

Under natural conditions cells produce protein which eventually aid in their
attachment to the matrix. Selective adsorption of proteins from the culture medium on
to the surface enhances the chances of cell adhesion [75, 64]. Surface energy is said to
mediate the adsorption and structural rearrangement of the proteins on the material
[54]. The proteins involved in adhesion of osteoblasts have been studied in detail by
many groups: which lead to the recognition of collagenic proteins, fibronectin or
vitronectin [76] as very important candidates. The role of vitronectin for in vitro cell
adhesion has been highlighted by several authors [66, 77, 78]. Other proteins such as
osteopontin, bone sialoprotein, thrombospondin, type I collagen etc. are said to
contain Arg-Gly-Asp (RGD) sequence [79] which confer on them chemotactic and
adhesive properties [76, 80]. The site of adhesion between tissue cultured cells and
substrate surface is called “focal contact”. These are closed junctions and their
external faces present specific receptor proteins such as integrins. These interact with

actin filaments and help in cell adhesion [81].
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1.3.2 Basic concept of Tissue Engineering

Tissue engineering can be conceptualized as a new and exciting technique
which employs materials/ scaffolds to promote the formation of tissues and organs de
novo. It involves the in vitro seeding and attachment of human cells onto a scaffold.
These cells then proliferate, migrate and differentiate into the specific tissue while
secreting the extracellular matrix components required to form the tissue. The goal of
tissue engineering is to surpass the limitations of conventional treatments based on
organ transplantation and biomaterial implantation [82]. It has the potential to produce
a supply of immunologically tolerant ‘artificial’ organ and tissue substitutes that can
grow with the patient. This should lead to a permanent solution to the damaged organ
or tissue without the need for supplementary therapies, thus making it a cost-effective
treatment in the long term [83]. There have been several researchers who have
extensively worked in the field of tissue engineering and have achieved great
landmarks. Prof. Eugene Bell, also known as the “father of tissue engineering” was
the first to be able to graft tissue engineered skin successfully [84]. Their research
showed that a collagen lattice seeded with autologous skin fibroblasts contracts and
forms dermal tissue, and suspensions of epidermal cells applied to these lattices in
vitro led to differentiation of the epidermal cells. This skin equivalent has been used
clinically in the treatment of venous ulcers, acute wounds and split thickness donor
sites. It was reported to have similar behaviour to human skin. He has inspired many
researchers who are now working on focussed areas and trying to bring the benefits of

tissue engineering to common people (Fig. 1.4).

Artificial bladder

Anthony Atala

it Artificial human bone marrow

Nicholas Kotov

Raobert Langer

Figure 1.4: Various Scientists who have contributed towards tissue engineering and artificial

regeneration of organs. (Image courtesy Ref. 168)
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From the discussion presented in section 1.3.1.1, it becomes very clear that the
most important step in tissue culture is to obtain improved cell-surface interactions. In
order to fulfil these requirements, scientists have long been involved in detailed
research. Much work has been done on carefully selecting the material used in such

research.

1.3.2.1 Materials used in tissue engineering

As mentioned before, tissue engineering is one of the most widely researched
topics and has seen the usage of a variety of materials for this purpose. Four types of
biomaterials have been experimentally and/or clinically studied as scaffold material
for tissue engineering applications: (i) synthetic organic materials: aliphatic
polyesters, polyethylene glycol; (ii) synthetic inorganic materials: hydroxyapatite,
tricalcium phosphate, plaster of Paris, glass ceramics; (ii1) organic materials of natural
origin: collagen, fibrin glue, hyaluronic acid; and (iv) inorganic material of natural
origin: coralline hydroxyapatite [85]. Burg et al. [86] and LeGeros et al. [87] have
reported the use of hydroxyapatite and tricalcium phosphate as scaffold material to
grow bone tissue. These materials not only resemble the natural inorganic components
of bone but also possess osteoconductive properties [87]. However, due to their brittle
nature these matrices cannot be used for growing soft tissue. On the other hand,
scaffolds made up of synthetic and natural polymers are an attractive alternative and
versatile in their applications to the growth of most tissues. Naturally derived
carbohydrates and proteins have been used as scaffolds for tissue engineering since a
long time. The most widely used among them is collagen [88]. The commonly used
synthetic polymers in tissue engineering are polyglycolic acid (PGA), polylactic acid

(PLLA), their copolymers (e.g. PLGA) and polycaprolactone (PCL) [89-91].

However, many of the current scaffolds are still made from foams of synthetic
polymers. The cells do not necessarily recognise such surfaces, and most importantly
cells cannot migrate more than 500 um from the surface. The lack of oxygen and
nutrient supply governs this depth. To overcome this, researchers have resorted to
electrospinning in order to obtain bio-resorbable nano-fibre scaffolds for tissue
engineering applications [92]. This might be interpreted as a nanocomposite as the
resultant scaffold allows for cell growth yielding a unique composite system. An

interesting application of the electrospun nano-fibres is the utilization of electrically
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conducting nano-fibres based on conjugated polymers for regeneration of nerve
growth in a biological living system. Polymer nanocomposites based on
hydroxyapatite (Ca;o(PO4)s(OH),) have been investigated for bone repair [93] and
regeneration applications [94]. Often natural polymers or synthetic biodegradable
polymers are employed in applications where biodegradation of the polymer scaffold
after tissue regeneration is desired [95]. Many other polymers scaffolds made from
complexes of PLA-co-Glycolide have been used to great extent for bone and cartilage

tissue engineering by Gogolewski et al [96].

Vascular grafts Artificial cardiac valve

Figure 1.5: Artificial devices and implants made of surface modified polymers. Image
courtesy http://images.google.co.in

While polymer scaffolds are making huge strides in the area of tissue
engineering and other bio-applications (Fig. 1.5), when used as implants or other
replacing devices the main requirement from these scaffolds remains to be a friendly
surface that does not trigger any immune response. As mentioned previously, surface
modification has always been the key step in the success of tissue engineering [97].
Recent advances in material research have opened new horizons for designing of
functional materials with essential surface properties that are crucial for their bio-
applications [98]. Surface modification by self assembled monolayer formation [99],
functionalization through silane molecules [100] and Langmuir-Blodgett deposition
[101, 102] are all now well-investigated fields both from fundamental as well as their
potential application point of views. Layer-by-Layer (LbL) assembly is another

alternative that is generally much easier to accomplish and has been shown to be very
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effective for preparation of functional material for a variety of applications [103, 104],
including the most sort after biomedical applications [105]. Sequential adsorption of
polyions can be used to create organic-inorganic hybrid multilayers with tuneable
physical properties to address the fabrication of a range of devices [106, 107].The
method has also been employed in combination with lift-off technique, for the
construction of nanocomposite films with surface patterning to study the attachment
of neuronal cells [108]. Several other methods employed for surface modification
include - nano-indentation, acid etching and plasma treatment. The former two require
great precision and involvement of strong acids respectively, so the focus is now
shifted on plasma treatment of surfaces to incorporate desired functional groups on
the surface [109]. For example, (Fig. 1.6) Gugala et al., have used various plasmas
(0,, COO, Ny, NOy, SO, + H, NH3) to study the attachment characteristics of
osteoblasts on nonporous and porous membranes of poly(L/DL-lactide) 80/20%. The
number of attached cells was evidently highest in case of membranes treated with

ammonia plasma, thus making it a better choice for surface functionalization [110].

Attachment Kinetics
12
1M 17 o
10

Cell Number [x10°]
Lo]

Incubation Time [hours]

Figure 1.6: Kinetics of attachment of osteoblasts cultured on nonporous polylactide
membranes treated with various plasmas (NM, nonmodified; O, oxygen plasma; NH;,
ammonia plasma; and H, _ SO,, sulfur dioxide—hydrogen plasma; *p< 0.05). (Figure
courtesy, Ref 110)

One of the principle methods behind tissue engineering involves growing the

relevant cell(s) in vitro into the required three-dimensional (3D) organ or tissue.
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But cells lack the ability to grow in favoured 3D orientations and thus define the
anatomical shape of the tissue. Instead, they randomly migrate to form a two-
dimensional (2D) layer of cells. However, generation of 3D tissue is necessary for
permanent repair of wound/ fracture and this is achieved by seeding the cells onto
porous matrices, known as scaffolds, to which the cells attach and colonise [82]. The
scaffold therefore is a very important component for tissue engineering. Several
requirements have been identified as crucial for the production of tissue engineering

scaffolds [91a]. These are:

(1) the scaffold should possess interconnecting pores of appropriate scale to

favour tissue integration and vascularisation,

(2) it should be made from material with controlled biodegradability or bio-

resorbability so that tissue will eventually replace the scaffold,

(3) in cases where the scaffolds are meant to stay life long, the material should

be bio-inert and be able to easily blend in with the normal tissue formed,

(4) it should have appropriate surface chemistry to favour cellular attachment,

differentiation and proliferation,

(5) it should possess adequate mechanical properties to match the intended site

of implantation and handling,
(6) it should not induce any adverse response and,
(7) be easily fabricated into a variety of shapes and sizes.

Bearing these requirements in mind, several materials have been adopted or

synthesised and fabricated into scaffolds.
1.3.2.2 Limitations of current tissue engineering scaffolds

Several detailed investigations have shown that cells attach to synthetic
polymer scaffolds leading to the formation of tissue as summarised by Freed and
Vunjak Novakovic [111]. However, the degradation of synthetic polymers, both in
vitro and in vivo conditions, releases acidic by-products which raise concerns that the
scaffold microenvironment may not be ideal for tissue growth. Lactic acid is released

from PLLA during degradation [112] reducing the pH, which further accelerates the

Ph.D. Thesis Virginia D 'Britto University of Pune



Chapter 1

15

degradation rate due to autocatalysis [113], resulting in a highly acidic environment
adjacent to the polymer. Such an environment may adversely affect cellular function
[114]. Cells attached to scaffolds are faced with several weeks of in vitro culturing
before the tissue is suitable for implantation. During this period, even small pH
changes (6.8-7.5) in the scaffold microenvironment can significantly affect bone
marrow stromal cell expression of osteoblastic phenotypic markers [114].
Furthermore, particles released during polymer degradation can affect bone-
remodelling processes [115] along with eliciting an inflammatory response and
inducing bone resorption in vivo [116, 117] Moreover, current synthetic polymers do
not possess a surface chemistry which is familiar to cells, that in vivo thrive on an
extracellular matrix made mostly of collagen, elastin, glycoproteins, proteoglycans,
laminin and fibronectin [118]. In contrast, collagen is the major protein constituent of
the extracellular matrix and is recognised by cells [119] as well as being chemotactic
[120]. Collagen scaffolds present a more native surface relative to synthetic polymer
scaffolds for tissue engineering purposes. However, like other natural polymers, it
may elicit an immune response [121]. The antigenicity of collagen can be reduced by
treating with pepsin to remove the telopeptide regions or by crosslinking [122].
Conventional scaffold fabrication techniques are incapable of precisely controlling
pore size, pore geometry, spatial distribution of pores and construction of internal
channels within the scaffold. Scaffolds produced by solvent-casting particulate-
leaching cannot guarantee interconnection of pores because this is dependent on
whether the adjacent salt particles are in contact. Furthermore, skin layers are formed
during evaporation and agglomeration of salt particles makes controlling the pore size
difficult [91a]. Moreover, only thin scaffold cross-sections can be produced due to
difficulty in removing salt particles deep in the matrix. For gas foaming, it has been
reported that only 10-30% of the pores were interconnected [123]. Non-woven fibre
meshes have poor mechanical integrity. Excluding gas foaming and melt moulding,
conventional scaffold fabrication techniques use organic solvents, like chloroform and
methylene chloride, to dissolve synthetic polymers at some stage in the process. The
presence of residual organic solvent is the most significant problem facing these
techniques due to the risks of toxicity and carcinogenicity it poses to cells. Thus the

preparation and successful adaptation of a 3D scaffold for tissue engineering
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applications using appropriate surface modification techniques is still a very attractive

area of research.

1.3.3 Scaffolds with antibacterial properties

Even after a successful material for a scaffold is found and a scaffold is
fabricated, the major concern of tissue engineers is the formation of bio-films
on/around such implants. Bio-films are formed when microorganisms attach to the
implant surface permanently and secrete certain slimy substances which eventually
make the implant non functional and cause serious infection. Though the rate of such
implant associated infection is low (0.5-1%), the infection in such cases does not
resolve and is treatable only on removal of infected implants, causing major morbidity
or occasional mortality. The normal flora present on our body, especially skin is
responsible for this. The most common causative microorganism is Staphylococcus
epidermidis. In severe cases of exposure to Staphylococcus aureus the infection
becomes widespread and deep rooted. As a result many implants get rejected and need
to be replaced. The moist, warm, and nutritious environment provided by wounds is
conducive to microbial growth. While an efficient host immune system is usually able
to contain the growth of these microorganisms, in many wounds (e.g., traumatic,
thermal, or chronic wounds) diminished immune functioning secondary to inadequate
wound perfusion may allow build-up of physical factors such as devitalized, ischemic,
hypoxic, or necrotic tissue and foreign material, all of which provide an ideal
environment for bacterial growth. The very fact that these microbes live in close
contact with us brings out the need for antimicrobial substances. The use of slow and
continuous release of antimicrobial agents from polymers has long been used to curb
such situations. Release of these agents from the polymer is the key factor as well as a
major drawback in-itself. The active ingredient can be ions, polyions and even
antibiotics in some cases. Further, with the emergence and increase of microbial
organisms resistant to multiple antibiotics, and the continuing emphasis on health-care
costs, many researchers have tried to develop new, effective antimicrobial reagents,
free from resistance and cost-effective. Such problems and needs have led to the
resurgence in the use of Ag-based antiseptics that may be linked to broad-spectrum
activity and far lower propensity of silver to induce microbial resistance than

antibiotics. Silver has been known for its antimicrobial nature since antiquity [124]
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and it is being used in various applications such as dental, burn wounds and catheters
[125, 126]. The highly toxic effect of silver and silver based compounds against as
many as 12 species of microorganisms including Escherichia coli. is very well known
[127]. Recently, Mecking and co-workers showed that hybrids of Ag nanoparticles
with amphiphilic hyper-branched macro-molecules exhibited effective antimicrobial
surface coating agents [128]. This would make the development of silver embedded
polymer scaffolds a very attractive strategy for successful tissue engineering and
implant fabrication. The ideal antimicrobial scaffold would have a number of key
attributes, including provision of a moist but not saturated environment to enhance
healing [129], and broad-spectrum antimicrobial activity (including activity against
antibiotic-resistant bacteria, such as methicillin-resistant Staphylococcus aureus
[MRSA] and vancomycin-resistant enterococci [VRE]), with low potential for
resistance. The scaffold should effectively deliver antimicrobial activity in a
controlled manner to counter conditions that otherwise provide an environment for
uninhibited microbial growth; and should be nontoxic (by ensuring controlled
availability of silver), rapid acting, non-irritant or non-sensitizing and non-adherent.

We address some of these issues in Chapter 3.

1.4 Toxicological effects of nanomaterials on mammalian cells

As is clear from the discussion presented earlier, nanomaterials are not only
being synthesized in a tailor made fashion; they are also being applied in various
fields which increases their chances of coming in contact with humans. For example,
bulk TiO, particles which have been considered safe for use in sunscreen formulations
[130] but, at the nanometer range these were found to cause free radical formation in
skin cells and DNA damage [130]. This is because nano-TiO, can become highly
photo reactive in presence of UV light [131]. There also have been several reports in
the past relating to the use of nanoscale structures, e.g., liposomes for applications of
drug transport etc [132-135]. In many instances, these polymer based carrier systems
undergo easy degradation. The toxic effects such nano-sized systems, however safely
synthesized, cannot be ruled out. The very fact that there could be possible
undetectable interactions of these nanoparticles with the cellular matter also cannot be
undermined. Moreover, very little knowledge is available about the risk of

nanomaterials and the scarcity of data gives rise to a host of fear and alarming
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scenarios [136]. The port of entry for such nanomaterial into the human body are skin,
intestinal tract, respiratory tract, or intentional delivery through injection, intravenous
(i.v.), intraperitonial (i.p.) or intramuscular (i.m.). However, depending on the target
organ and mode of action, a few nanoparticles, especially those made of metallic
systems, may escape degradation and result in accumulation in either the primary or
secondary target organs. Thus, the toxicity evaluation of nanomaterials is as essential
as their synthesis. It would provide an idea for the safe usage and limit of nanoparticle
exposure to human beings. Since the field of nanoscience is relatively new and
developing, very less is known about its future consequences. Nanoparticles are
increasingly used in a wide range of applications in science, technology and medicine.
Unfortunately, a material that has been shown to be safe and biocompatible at bulk
level may turn out to be toxic at nano-level. The need to bring out these outcomes is
the aim of nanomaterial toxicity study. This would give us a better understanding of
the variety of nanomaterial being used as well as help us design new material with

lesser toxic effects.

1.4.1 Mechanism of cellular uptake of nanoparticles

As can be observed from Fig. 1.7, nanoparticles can be transported into cells
through endocytosis, which can be broadly divided into two categories: phagocytosis
and pinocytosis. Phagocytosis, involving the uptake of larger particles (0.25-10 mm),
is performed by specialized cells such as macrophages and neutrophils. However,
pinocytosis, the uptake of fluids and solute, occurs in all cell types and is mediated by
four basic mechanisms: macro-pinocytosis, clathrin-mediated endocytosis, caveolae-
mediated endocytosis and clathrin-caveolae and dynamin-independent endocytosis
[137]. Among these, clathrin mediated endocytosis is the most common uptake
mechanism in all mammalian cells [137].The uptake of nanomaterials inside the cells
by endocytic pathways has been reported in detail [138, 139-141]. To induce even
bio-distribution, it is generally understood that drug delivery nano vehicles should be
small enough (less than 100 nm) to avoid non-selective uptake by macrophages of the
reticulo-endothelial system (RES) in the liver and spleen [142], but larger than 5 nm
(molecular weight 30000 to 40000) to escape rapid renal clearance [143]. Most
nanoparticles are known to be rapidly taken up by the spleen and liver, mainly by

macrophages, and therefore, their half-life in the circulation is generally short. In

Ph.D. Thesis Virginia D 'Britto University of Pune



Chapter 1

19

particular, particles possessing a hydrophobic surface are likely to localize in the

spleen and liver.
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Figure 1.7: Schematic representation of mechanism of cellular uptake of nanoparticles.

Many airborne nanoparticles (<100 nm) are prone to accumulation in the lungs
as well as in the spleen and liver. Accumulation of nanoparticles in other organs such
as heart, kidney, brain, testis and uterus has also been reported recently [144]. A clear
mechanism for nanoparticle uptake has not been reported yet, but it seems to be

dependent on primary particle and agglomerate size and their surface characteristics.

1.4.2 Interactions of surface bound nanoparticles with mammalian cells

Large number of reports has been published in the field of nanotoxicology,
which can be defined as ‘‘science of engineered nano-devices and nanostructures that
deals with their effects in living organisms’’ [145]. It has been observed by many
groups that various nanomaterials such as single walled carbon nanotubes [146-148],
multi walled carbon nanotubes [149, 150], iron oxides (Fe,O3;, Fe;O4 or its
derivatives) [151-154], various types of quantum dots [155, 156], TiO, and several

metals and metal oxides [152] significantly decrease cell proliferation or cell
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adhesion. As measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay, sometimes exposure to these materials resulted
in cell death. It has been postulated by lactate dehydrogenase (LDH) leakage test that
the cell membrane damage was significant when cell lines were treated with iron
oxide [152] and various metals and metal oxides [152, 157]. It has been reported that
ingested oxide nanomaterials can lead to inflammatory responses, which include the
formation of pro-inflammatory cytokines such as IL-1, IL-6, IL-8 and TNF-a. Silica
nanoparticles [158] and multi walled carbon nanotubes [159] have been reported to
produce inflammation response with activation of signalling cascade like mitogen-
activated protein kinase (MAPK) cascades. It has also been reported that carbon based
nanoparticles induce oxidative stress, which has been characterized by formation of
reactive oxygen species (ROS), accumulation of peroxidation products (such as
malondialdehyde) and depletion in concentration of antioxidant molecules such as

glutathione (GSH) [146, 160].

A step ahead from cytotoxic effects of nanomaterials is the study of genotoxic
(DNA damage) effects. These can be attributed to oxidative stress caused inside the
cells due to the presence of nanomaterial in or around their vicinity. A detailed study
of cellular DNA damage in response to these nanomaterials is an important area of
present day research. Cytotoxic effects often result in the suppression and/or over
expression of certain proteins/enzymes, malfunctioning of certain enzymes and even
cell death, whereas genotoxicity can lead to even more serious consequences. Genetic
insults are mostly repaired by DNA surveillance machinery of the cell and if not
repaired they may incorporate the said damage in next generation leading to mutations
and other genetic disorders. Oberdorster et al. demonstrated that nanomaterial
(Fullerene Cgp) induced oxidative stress in juvenile fish causes brain damage along
with changes in gene function [161]. Therefore, complete toxicity study (including
cytotoxicity and genotoxicity) of any newly synthesized nanomaterial or
nanomaterials synthesized by novel route, should be performed before its use for any
application. It becomes all the more important for nanomaterial which would finally
find application in fields such as drug delivery or food industry. FDA approval of

such nanomaterial depends on their score in the toxicological assessment. Therefore,
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much care is taken while performing these tests, so as to minimize external

interference.

1.4.3 Assessment of cytotoxic response of mammalian cells towards

nanoparticles

Treating cells with a cytotoxic compound can result in a variety of cell fates.
The cells may undergo necrosis, in which they lose membrane integrity and die
rapidly as a result of cell lysis. The cells can stop actively growing and dividing, or

the cells can activate apoptosis, a genetic program of controlled cell death.

Cells undergoing necrosis typically exhibit rapid swelling, lose membrane
integrity, shut down metabolism and release their contents into the environment. Cells
that undergo rapid necrosis in vitro do not have sufficient time or energy to activate
apoptotic machinery and do not express apoptotic markers. Apoptosis is characterized
by well defined cytological and molecular events including a change in the refractive
index of the cell, cytoplasmic shrinkage, nuclear condensation and cleavage of DNA
into regularly sized fragments. Cells in culture that are undergoing apoptosis
eventually undergo secondary necrosis. They shut down metabolism, lose membrane

integrity and get lysed [162].

Several methods are used to assess cytotoxicity. The most common ways are
assessing cell membrane integrity. This can be accomplished by the use of vital dyes
such as Trypan blue. 1t is derived from toluidine. This dye is normally excluded by
healthy cells, but in case of membrane disruption the passage of the dye into the cells
interior is enhanced and the cellular components are stained blue [162]. Another
method for cytotoxicity measurement is detecting the passage of substances such as
lactate dehydrogenase (LDH) which are normally present inside the cells as compared
to the outside. Use of protease markers to determine protease release from the dead
cells into the culture media is also another way [163]. One of the routine assays
performed is the MTT assay wherein a dye, 3-(4,5-dimethylthiazoyl-2-yl)-2,5-
diphenyltetrazolium bromide, is used and the reducing potential of living cells against

this dye is measured colourimetrically [164].
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1.4.4 Assessment of genotoxic response of mammalian cells towards

nanoparticles

The level of damage caused by exposure and internalization of nanomaterial
can go beyond cellular level affecting the genetic material. The degree of such

damage can be massive or negligible. Thus a very sensitive technique such as Single

Figure 1.7: Representation of DNA damage recorded by COMET assay - A) undamaged
normal DNA, B) COMET pattern of undamaged DNA, C) damaged DNA and D) COMET
pattern of damaged DNA (Image courtesy www.googleimages.com)

Cell Gel Electrophoresis is required for assessing the DNA damage.
1.4.4.1 COMET Assay

Single Cell Gel Electrophoresis (SCGE), also known as COMET assay, was
first investigated by Singh ef al. in 1988 [165]. It has proved to be a powerful and
sensitive technique for DNA detection at the level of individual eukaryotic cell. It can

also be applied to prokaryotic cells with the same sensitivity and precision.

COMET assay is routinely employed for evaluation of DNA damage/repair,
bio-monitoring and genotoxicity testing. In brief, it involves the encapsulation of cells
in a low-melting-point agarose suspension, lysis of the cells in neutral or alkaline (pH
>13) conditions and electrophoresis of the lysed cells. Finally, visual analysis of the
comet patterns after staining of DNA with EtBr (Fig. 1.7 B and D) provides
information about DNA damage. The concept underlying the COMET assay is that

undamaged DNA retains a highly organized association with matrix proteins in the
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nucleus. When damaged, this organization is disrupted (Fig. 1.7) following which, the
individual strands of DNA lose their compact structure and relax, expanding out of
the intact genetic material into the agarose. When the electric field is applied the
DNA, which has an overall negative charge, is drawn towards the anode. Undamaged
DNA strands are too large and do not leave the cavity, whereas the smaller the
fragments, the farther they are free to move in a given period of time. Therefore, the
amount of DNA that comes into the agarose is a measure of the extent of DNA
damage. The image analysis measures the overall intensity of the fluorescence for the
whole nucleoid and the fluorescence of the migrated DNA and compares the two
signals. The stronger the signal from the migrated DNA the more damage there is
present. The overall structure resembles a comet (hence "COMET assay") with a
circular head corresponding to the undamaged DNA that remains in the cavity and a
tail of damaged DNA. The brightness and length of the tail indicates the extent of
DNA damage. Specialized software (KOMET 5) can be used for automatically
scoring the fluorescence. Three different parameters serve as indicators of DNA
damage — Olive Tail Moment (OTM; arbitrary units), Tail DNA (%) and Tail Length
(mm) [165-167]. OTM is defined as the distance between the centre of mass of the tail
and the centre of mass of the head, in micrometers, multiplied by the percentage of
DNA in the tail and is considered to be most sensitive as both the quality and quantity

of DNA damage are taken into account.

This technique can also be used to quantify the presence of a wide variety of
DNA altering lesions. Both single- and double strand breaks are detected in neutral as
well as alkaline conditions. In alkaline conditions, however, additional DNA
structures (AP sites: basic sites missing either a pyrimidine or purine nucleotide or

sites where excision repair is taking place) are detected as DNA damage.

The sensitivity of this technique is vulnerable to physical changes which can
affect the reproducibility of results. Essentially, anything that can cause DNA damage
or denaturation except the factor(s) under consideration should be avoided. Sample
handling also requires utmost care as DNA damage can also take place due to
vigorous use of pipette. The most common form of the assay is the alkaline version.
Due to its simple and inexpensive setup, COMET assay can be used in conditions

where more complex assays are not available.
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1.5 Outline of thesis

In this thesis we cover various aspects of polymer/metal nanoparticle
composite fabrication and their possible important biological applications. The thesis

consists of seven chapters.

This First Chapter provides a brief introduction to nanoscience and delineates

a few aspects in more detail that are relevant to this thesis.

The Second Chapter describes the fabrication of a novel substrate for cell
growth and proliferation. This 2D structure is based on the film forming property of
poly(etherimide). The films are treated with N, and H, plasma to give a substantial
number of pendented NH, groups, which are further decorated with citrate reduced
gold nanoparticles (spherical). The AuNPs prove good anchoring points for linking
lysine molecules on their surface, thereby increasing the number of NH, groups. This
specially designed surface supports attachment of CHO-K1 (Chinese hamster ovary
carcinoma) cells and also facilitates their proliferation as it provides roughness and
hydrophilicity, the two most important requirements for cell adhesion and growth.
This was confirmed by contact angle measurements and AFM. Various techniques
such as UV-vis spectroscopy, phase contrast microscopy, SEM, MTT assay, cell
staining and counting support the conclusion that these films are biocompatible.
Further NIH3T3 (mouse embryonic fibroblast) cells were also used and similar results
were obtained. Here also, a good response of the cells to the films was indicative of

the fact that the treatment does present a better surface for cell attachment and growth.

The Third Chapter describes the fabrication of an antibacterial polymer
scaffold. Porous polyethylene is used for the experiments. Plasma treated scaffolds
are used to covalently attach the sophorolipids of oleic acid and linoleic acid that are
used for in-situ reduction of silver nanoparticles on the scaffolds. The activity of these
silver nanoparticle decorated scaffolds as antibacterial agents was tested further. The
sophorolipids act as reducing and capping agents for Ag nanoparticle synthesis. The
scaffolds with AgNPs came out as potential antibacterial matrices and it was found
that a concentration of 20 pg/cm’® of AgNPs is sufficient to reduce the viability of
Staphylococcus aureus (a Gram positive cocci) up to 99.6% within 1h of exposure.

These AgNPs at a concentration of 15 pg/cm’® show strong antibacterial activity
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against Pseudomonas aeruginosa (a Gram negative bacterium). Antibacterial
potential of these scaffolds was also tested against Bacillus subtilis, (a Gram positive
bacterium), which is the main cause of nosocomial infections, especially in implants.
Very interesting results were obtained where the bacterial growth is completely

restricted within 1 h of incubation with the silver nanoparticle decorated scaffolds.

In the Fourth Chapter the previous study of Chapter 2 performed on 2D
polymer films is carried forward to 3D scaffolds made of porous polyethylene. This
polymer is generally used as surgical implants. The problem addressed in this chapter
relates to the faster growth rate of cells in the modified scaffold as compared to the
untreated samples. The scaffolds are made out of micron sized polyethylene beads,
fused together under pressure to form a porous 3D structure. A layer by layer
assembly technique is followed to provide the roughness and hydrophilicity to the
matrix. CHO-K1 and NIH3T3 cells were then grown in the scaffolds and observed for
a period of 10-14 days. Techniques such as contact angle measurement, SEM, Phase
contrast microscopy, were employed to study the cell culture experiments. MTT assay

revealed the bio-friendly nature of these scaffolds.

The Fifth Chapter deals with the ability of the modified polyethylene
scaffolds to induce cell differentiation in Pancl cells (pancreatic cancer). The porous
polymer scaffolds are modified in the same way as described in the previous chapter
and Pancl cells are seeded in it. A good level of cell attachment and growth is
observed, supported by phase contrast images, SEM and cell counts. The effect of
differential medium to induce differentiation of Pancl cells to B cells was also

investigated.

The Sixth Chapter describes the synthesis of gold and silver nanoparticles
using the extract of certain medicinal plants such as Cephalandra indica and
Calotropis procera. The nanoparticles thus formed were characterized using
techniques such as UV-vis spectroscopy, TEM, FTIR etc. Further based on the
applications involved these nanoparticles were tested for their toxicity against HepG2
(Human hepatic carcinoma) cell lines. Toxicity was tested at both cellular level using
MTT assay, and molecular level, employing COMET assay, which gives the direct
indication of DNA damage. These nanoparticles displayed biocompatibility below
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their mM concentrations. A comparison of % mitochondrial activity and COMET
parameters of AgNPs and AuNPs respectively revealed that the AgNPs appear to be
slightly more toxic than the AuNPs, though the percentage of toxicity continues to be
negligible when assessed applying ANOVA.

The Seventh chapter summarizes the work presented in the thesis and

suggests possible avenues for further research in this area.
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Plasma Treated Poly(etherimide)
Films Decorated with
Gold Nanoparticles and Lysine: A
Novel Approach towards Tissue
Culture Applications

A composite fabricated by plasma treatment of poly(etherimide) films with
subsequent deposition of gold nanoparticles and lysine using layer by layer assembly
has been demonstrated to be compatible for cell attachment and proliferation making
it an attractive material for tissue engineering applications. As compared to the
other methods the decrease in water contact angle obtained here does not depend
much on the plasma treatment thus affecting the polymer structure minimally. The
enhanced cell attachment and proliferation is attributed to the combination of

surface roughness provided by the gold nanoparticles and the presence of amine

groups of lysine.

The work described in this chapter is published in J. Mater. Chem. 2009, 19, 544 —
550.
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2.1 Introduction

Tissue culture applications are gaining momentum very fast. With increasing
research in this field conventional matrices/culture surfaces are giving way to newer
modified surfaces which claim to support maximum cell growth and proliferation.
Several materials have come to light in this regard. Polymers with sturdy properties
are a good choice for such applications. Certain existing materials have also been
modified following various simple as well as complex procedures to yield the desired
surface characteristics. These have been discussed in detail in Chapter 1. Cell-matrix
interaction is a very important event which decides whether a surface is cell-friendly
or not. Surface roughness and hydrophilicity are the two most crucial characteristics
required here. Initial attachment and spreading of cells govern their further growth
and proliferation. Here we focus on the use of plasma treatment which is regularly
used to modify surfaces. An in-depth study on the role of this particular technique in
cell adhesion has been done by Gugala et al. wherein they state that the deliberately
designed polymer scaffolds provide better adhesion to osteoblasts [169]. Moreover,
expression of specific molecules allows firm cell adhesion and their spreading onto
the immobilized ECM [170]. Spreading also involves surface-triggered remodelling
of the cell cytoskeleton [171, 172]. Plasma treatment of surfaces has been employed
to incorporate desired functional groups on the surface [109]. For example, Gugala et
al., have used various plasmas (O,, COO", N2, NO;", SO, + Hy, NHj3) to study the
attachment characteristics of osteoblasts on nonporous and porous membranes of
poly(L/DL-lactide) 80/20%. They report that the number of attached cells is evidently
highest in case of membranes treated with ammonia plasma thus making it a better
choice for surface functionalization [110]. However, a longer duration of this
treatment may prove detrimental to the polymer structure and hence is avoided. The
above constraint limits the addition of greater density of functional groups to the

polymer surface. We address this problem in this chapter.

We present a simple alternative to the above mentioned lacuna through the
attachment of gold nanoparticles (AuNPs) and their subsequent functionalization by
the amino acid lysine. More specifically, plasma treated poly(etherimide) (PEI)
membranes were immersed into citrate stabilized gold sol and the resulting films were

later modified by lysine, again by simple dipping process. We envisaged that grafting
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gold nanoparticles on the membrane would increase the surface area for further amine
functionalization using lysine that conjugates to the AuNP surface through one of the
amine groups present in its structure. Here, AuNPs provide the necessary roughness to
the surface, the remaining amine groups of lysine molecules exposed on the surface
provide sufficient hydrophilicity for the cells to attach and grow. Chinese Hamster
Ovary (CHO-K1) cells were used for this study. The compatibility of the matrix with
the cells was tested by performing MTT assay. Cell adhesion and proliferation studies
were carried out by simple seeding procedures. Cell counts were done to identify the
condition which gave the best results. Phase contrast images revealed the morphology
of the cells at each step. This study stands to be the first case where LbL assembly of

AUNPs and lysine on PEI surfaces is used for cell culture applications.

The chapter is divided into two parts. The first part, Part A, gives the detailed
procedure along with a number of assays performed to fulfil the study. These
procedures are also followed in chapters IV and V and hence will be referred-to in the
same. Part B, discusses the results obtained on the poly(etherimide) films.

Ph.D. Thesis Virginia D’Britto University of Pune



Chapter 2

Part A

2.2 Procedure:

The polymers used in the forthcoming studies namely, (Poly(etherimide) and
porous polyethylene) require a series of treatment before they can be used as matrix
for cell culture. This part of the chapter describes the general procedures undertaken
to obtain such functionalized surface and will be referred to in the following chapters

as well.
2.2.1 Synthesis of gold nanoparticles

Gold nanoparticles (AuNPs) were synthesized by reduction of chloroauric acid
(0.2mM solution) by citric acid (1% solution) [23]. 90 mL of HAuCl, was heated and
1g of citric acid was added to it and the solution was allowed to boil for 10 min. The
formation of AuNPs was indicated by the development of a ruby red colour. The
resultant was cooled and its absorbance measured, which indicated a Amax at 537 nm
characteristic of gold nanoparticles (Fig. 2.1A). The AuNPs obtained by this
procedure are of diameter 45 + 5 nm (Fig. 2.1B). For further use, sterilization of the
gold sol is done by autoclaving it at 121 °C and 15 psi pressure for 20 min.

A

Absorbance (a.u.)

400 500 600 700
Wavelength {(nm}

Figure 2.1: UV-vis spectra of citrate reduced AuNPs (A); corresponding TEM image of the
nanoparticles (B).
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2.2.2 Casting of the polymer matrix

2.2.2.1 Polymer film
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Figure 2.2: Image of A) as cast poly(etherimide) film; B) cut 1xlcm pieces used for
further studies after N, + H, plasma treatment.

Poly(etherimide) was used for casting flat films by a room temperature
evaporation method. Typically, 250 mg of poly(etherimide) was weighed and mixed
well with 6 mL chloroform. This polymer solution was poured into a clean flat-
bottomed glass petridish and allowed to dry at room temperature. The film was
allowed to set for 24 h. Pieces of 1 cm x 1 cm size were cut from the films and kept
aside for plasma treatment and further characterizations. These films possess a slight
yellow colour and are transparent both before and after plasma treatment (Fig. 2.2 A
and B).

2.2.2.2 Polymer scaffolds

Monodisperse high density polyethylene pellets of 400 micron
diameter were sintered together at 160 °C to give porous polyethylene scaffold with
an average pore size of ~208 micron. The 3D scaffold was synthesized by Dr. V.

Premnath’s group at NCL in custom made moulds (Fig. 2.3).

Figure 2.3: Images of porous polyethylene scaffold A) showing the actual size of scaffold
used in experiments and B) phase contrast image.
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2.2.3 Plasma treatment of polymer

Reaction Chamber

:HI Plasma
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Scheme 2.1: Representation of the experimental setup of the ECR plasma system
(courtesy Prof. S. V. Bhoraskar’s group, University of Pune)

Plasma treatment experiments were carried out in Prof. S. V. Bhoraskar’s lab
at the Department of Physics, University of Pune. Scheme 2.1 represents a typical
plasma treatment setup used for our experiments. In this process 1 cm x 1 cm pieces
of polymer were exposed to plasma containing N, and H, gases. The plasma was
excited by introducing hydrogen and nitrogen gases (ratio 7:3) into the electron
cyclotron resonance (ECR) reactor chamber. The ECR plasma was excited by 2.45
GHz microwave source in TE;; mode along with the required magnetic field of 875
Gauss generated by electromagnets. The ECR cavity consisted of a cylindrical
stainless steel chamber, 15 cm in height and 12.5 cm in diameter and was coupled to
the reactor chamber having a height of 30 cm and diameter of 20 cm. The reactor
chamber was facilitated with various ports like gas inlet, vacuum port, sample holder
port and feed-throughs. The 500 W microwave source was coupled, through a quartz
window, to the resonance cavity. Base pressure was 10°° mbar and operating pressure
was 10 mbar. All films were washed well with ethanol before treatment. Based on
the contact angle measurements an exposure of 20 min was concluded to be optimal
to introduce amine groups on the surface that would act as anchoring sites for the
subsequent attachment of AuNPs. The plasma treated films looked very similar to the

original films.
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2.2.4 Membrane modification by layer-by-layer arrangement of AuNPs

and Lysine
2.2.4.1 Layering of AuUNPs

Each film/scaffold is washed twice or thrice with deionized water to remove
any impurities present on the surface. Further the washed films/scaffolds are dipped in
70% alcohol for 15 min to ensure complete sterilization. These films/scaffolds were
immersed in sterilized gold sol under aseptic conditions. Measurement of UV-vis

spectra of the film was done at specified time intervals for 24 h.
2.2.4.2 Decoration of the AuNP layered film/scaffold with lysine molecules

A 10™ M solution of lysine was prepared freshly in deionized water. The
AUNP layered film/scaffold was immersed in this solution and kept overnight to
ensure complete attachment of lysine molecules to the exposed AuNP surfaces.

2.2.5 Cell growth and proliferation

In order to prove the concept, we selected CHO-K1 (Chinese Hamster Ovary)
cells which were obtained from the repository of National Centre for Cell Science and
were maintained and cultured in cell culture flasks (BD-Falcon) containing DMEM
supplemented with 10% (v/v) FCS and penicillin-streptomycin at 37 °C in a
humidified 5% CO,/95% air atmosphere. Cells were washed with phosphate-buffered
saline (PBS), detached by trypsinization (0.5% trypsin solution) and collected by
centrifugation. Thereafter, cells were resuspended in a known volume of medium to a
final concentration of 10° cells/ mL. The doubling time of the cells was calculated by
seeding the cells on substrates at a concentration of 10° cells/ mL and incubating them
at 37 °C with 5% CO,. In a typical experiment, each film/scaffold was washed
thoroughly with deionized water, sterilized with 70% alcohol, dried in the airflow of
biosafety chamber and was placed carefully in a 12 well culture plate. The treated side
of the film/scaffold was faced up. 100 pL of these resuspended cells was seeded
slowly onto the surface of the films/scaffold. The initial cell concentration seeded
onto the films was 10* cells/ cm? of the film. The cells were allowed to attach on the
surface of the film and after 10 to 15 minutes, 1 mL of DMEM was added along the
wall of the wells without disturbing the arrangement. The cells were incubated for 24
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h and 48 h at 37 °C in humidified 5% CO,/95% air atmosphere. Optical micrographs
were taken at 0, 24 and 48 h to monitor the cell proliferation. In some cases the
system of scaffolds with seeded cells was kept for 96 h and more to show that the
matrix supports cell growth for a considerably long duration.

2.2.5.1 Cell count
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Figure 2.4: Image showing the Neubauer’s counting chamber. Image courtesy
http://images.google.co.in

Two sets of films/scaffolds with different treatments were seeded with CHO-
K1 cells. Cells from one set were trypsinized after 24 h and counted, while the other
set was further incubated to 48 h and then counted. Cells were trypsinized using (0.5
%) trypsin solution and counted using Neubauer’s chamber (Fig. 2.4). Each
experiment within the same batch of plasma treated membranes was repeated at least

thrice.
2.2.5.2 MTT assay

When living cells are treated with MTT [3-(4,5-dimethylthiazoyl-2-yl)-2,5-
diphenyltetrazolium bromide], a pale yellow coloured dye, the mitochondrial
succinate dehydrogenase converts it into a peep purple coloured formazan compound.
Since the conversion takes place in living cells, the amount of formazan produced
directly correlates to the number of viable cells present. The MTT assay was
performed following the method described by Mosmann [164] with slight
modification. In brief, polymer films/scaffolds with different treatments were cut into
pieces of 1 cm? and placed aseptically into a 24 well cell culture plate. CHO-K1 cells
(10,000 cells/ in 500 pL of medium) were seeded on the films and allowed to
proliferate for 48 h at 37 °C in the atmosphere of 5%C0,-95%air. 10 uL. MTT (5
mg/mL) in PBS was added to each well and re-incubated for another 3 h at 37 °C. The
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reaction mixture was then carefully taken out and formazan crystals were solubilised

by adding 200 pL of DMSO to each well and mixing thoroughly.
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Scheme 2.2: Reduction of MTT dye catalyzed by functional mitochondrial dehydrogenase
enzyme, into water insoluble formazan crystals.

After 10 min, the absorbance of the purple colour was read at 570 nm, using
Elisa Reader (SpectraMax 250, Molecular Devices). Untreated polymer
films/scaffolds were also run parallel under identical conditions and served as control.

The % mitochondrial activity was calculated as
(A570 of treated samples/A570 of untreated samples) x 100

where A is absorbance at 570 nm. The data presented are the mean + SD from three

independent experiments.

In the subsequent chapters (Chapters 3, 4 and 5), the plasma treatment of
various polymer substrates, cell counts and MTT assay were performed. All these

were done by following more or less similar type of procedures as discussed above.
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Part B

2.3 Results and Discussion:

Scheme 2.3 demonstrates our method of modification of PEI membranes by

plasma treatment and subsequent LbL assembly.
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Scheme 2.3: A representation of the various steps followed for the treatment of PEI to obtain
a cell friendly surface.

In the first step, the polymer films are treated with N, and H, plasma. In-order to
optimize the exact duration for plasma treatment, two different sets of films were
exposed to plasma for 10 min and 20 min after which the water contact angle was

measured using sessile drop method, on Digidrop Contact Angle meter (GBX Surface

Science Technology).

|A l | |B | |C |
93° 88° 66°

Figure 2.5: Images of water droplets showing the contact angle measured for untreated PEI
film (A); film treated with N,+H, plasma for 10 min (B) and 20 min (C).

In case of 10 min plasma treatment 6 degree decrease (from 93 to 88) in water contact
angle of PEI film was seen (Fig. 2.5 A and B). On the other hand, in case of 20 min
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plasma treatment the value decreased by 27 degrees (from 93 to 66) (Fig. 2.5 A and
C). Therefore, for all further studies the PEI films were treated with plasma for 20

min.
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Figure 2.6: Time Kkinetics of the attachment of AuNPs to PEI films treated with ammonia
plasma as read from their surface plasmon resonance peak.

In the second step, the membranes are immersed in a citrate stabilized gold
sol. A simple experiment was performed to optimize the dipping time for the films.
For this, the PEI films were dipped in the gold sol (10 M) for 12 h and 24 h. UV-vis
spectra recorded at various time intervals indicate that the intensity of surface
plasmon resonance at 537 nm, arising from the AuNPs, gradually increases with time
and reaches saturation in about 24 h (Fig. 2.6). Hence, the dipping time was
standardized to be 24 h. These AuNP coated membranes are then immersed in lysine
solution (10 M). As a means to determine the increase in hydrophilicity of the film
with respect to addition of different layers, contact angle is measured after each step
(Fig. 2.7). In each case values from 4 droplets are taken to give an average value of
contact angle. As compared to the initial value of 93°, the final contact angle value of
~25° observed for PEI film modified with AuNPs and lysine is a clear indication of

the increased hydrophilic nature of the film.
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Figure 2.7: Contact angles obtained from untreated PEI film (A), plasma treated PEI film
(B), plasma treated PEI films with AuNPs (C) and plasma treated PEI films with AuNPs and

lysine (D).
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Figure 2.8: AFM images showing the surface topography of PEI films: Control (A and B)
and PEI films after attachment of AUNPs and Lysine (D and E). Panel C and F show their

surface roughness profile respectively.

The surface profile studies of the membranes are performed by Atomic Force
Microscopy (AFM) (Fig. 2.8). Contact mode AFM on a VEECO Digital Instruments
multimode scanning probe microscope equipped with a Nanoscope IV controller is
used for this purpose. The average surface roughness R,, which is ~8 nm for the
untreated PEI films (Fig. 2.8 A, B and C), increased to ~20 nm for the film layered
with AuNP and lysine (Fig. 2.8 D, E and F); suggesting the effectiveness of this

procedure to increase surface roughness — a criterion laid down for cell attachment
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and proliferation. The AuNPs not only provide an increased surface area, but also

make the surface sufficiently rough for the cells to anchor upon and grow.

Oh 24h 48h

Figure 2.9: Phase contrast images showing the attachment and proliferation of CHO-K1 cells
on the composites: Untreated PEI film (panel A), Plasma treated PEI film (panel B), Plasma
treated PEI film layered with AuNPs (panel C) and Plasma treated PEI film layered with
AUNPs + lysine (panel D) at Oh (A1, B1, C1, D1), after 24 h (A2, B2, C2, D2) and 48 h (A3, B3,
C3, D3) of cell seeding.

The study of cell morphology provides insights into the condition of the cells
in relation to their immediate environment. This can be directly correlated to their
interaction with the polymer surface. For this, CHO-K1 cells allowed to adhere on
films after different treatment conditions described above are observed under 10x and
40x magnifications with an inverted microscope (Olympus, Japan). Phase contrast
images are taken at 0 h (immediately after adding the cells on the films), 24 h and 48h
(Fig. 2.9). Immediately after seeding, the cells appear rounded (0 h), as attachment to
the surface takes at least 10 min. On the other hand, after 24 and 48 h of seeding,
different morphologies of cells growing on different films can be observed. The
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untreated PEI film (Fig. 2.9-Al) does not support the initial attachment of cells;
therefore, after 24 h (Fig. 2.9-A2) most of the cells get detached from the surface. The
remaining few cells, which are not well spread, appear elongated with few filopods.
On further incubation till 48 h (Fig. 2.9-A3) the cells detach from the surface of the
film. Many cells with rounded morphology can be seen. The number of cells present
on the untreated PEI surface is also less. On the other hand, the films treated with N,
+ H, plasma (Fig. 2.9-B) reveal a good initial attachment of the cells to the surface
(Fig. 2.9-B1). Though the spreading of these cells is not uniform throughout the film,
there is an evident flattened appearance of cells after 24 h (Fig. 2.9-B2). The cells
have extended morphology with very evident filopods. After 48 h there is a
considerable increase in the number of cells (Fig. 2.9-B3). At the same time,
anchorage of cells to the surface with filopods can be seen. In case of the plasma
treated film coated with AuNPs (Fig. 2.9-C) the cells illustrate a healthy morphology
upto 24 h (Fig. 2.9-C2), which deteriorates with time. After 48 h (Fig. 2.9-C3) cells
start detaching from the surface and attain rounded morphology. In the case of the
film having an additional layer of lysine (Fig. 2.9-D) a very good initial attachment is
seen with uniform spreading and visible surface contact after 24 h (Fig. 2.9-D2). The
film also promotes good growth and proliferation of the cells, which is revealed by
the healthy morphology and increase in number of the cells after 48 h (Fig. 2.9-D3).

Confluency of cell monolayer begins to appear at this stage.

The cell counts after each treatment are depicted in Fig 2.10 A. The
experiment was performed in triplicate and the data is presented with the standard
error. Initial cell density on all the films with different treatments is 1x10* cells/ cm?.
At the end of 24 h the counts in the untreated PEI films are ~4x10* cells/ cm?, plasma
treated films show ~9x10* cells/ cm? films layered with AuNPs reveal an
approximate count of ~7x10* cells/ cm? and finally the films layered with AuNPs and
lysine present ~ 1x10° cells/ cm?. After 48 h there is a considerable amount of change
in the morphology and number of the cells proliferating on these films. A cell count
after 48 h, reveals the following values: untreated PEI film ~2x10* cells/ cm?; plasma
treated PEI film ~1x10° cells/ cm? plasma treated PEI film layered with AuNPs
~3x10* cells/ cm?; PEI films layered with AUNPs and lysine ~4x10° cells/ cm?. To see

which among “roughness” and “surface functionality” has a greater impact on cell
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proliferation and attachment, we repeated the experiments described above on a

plasma treated film dipped in AuNPs for 6 h instead of 24 h.
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Figure 2.10: Statistical data representing the cell counts at 0 h and after 24 h and 48 h of
cell growth and proliferation on untreated PEI membrane (A), plasma treated PEI film (B),
plasma treated PEI films with AuNPs (C) and plasma treated PEI films with AuNPs and
lysine (D). The data represented in C’ corresponds to PEI films dipped in AuNPs for 6 h and
D’ represents cell counts from PEI films dipped in AuNPs for 6 h and then coated with
lvsine.

The UV-vis studies indicate that the attachment of AuNPs to the membrane is
not complete (Fig. 2.6), by 6 h as saturation is reached only between 12 to 24 h. Based
on Fig 2.10 B we can say that the cell attachment and proliferation are not drastically
different in 6 h case from the 24 h treated case indicating that a good combination of
roughness and surface chemistry is indeed contributing to the results observed. In
order to support these values in a more quantitative manner for the viability of cells,
we also performed an MTT assay of the cells proliferating on the differently treated
PEI films (Fig 2.11). The statistical data clearly indicates an increased %
mitochondrial activity in the plasma treated PEI films layered with AuNPs and lysine
(Fig. 2.11, bar F) as compared to only plasma treated PEI films (Fig. 2.11, bar D). It
is quite evident that our novel LbL assembly of AuNPs and lysine molecules onto PEI
surface promotes better growth and proliferation of cells as compared to the
commercial polystyrene surfaces (Fig. 2.11, bar A) routinely used for cell culture.
We also compared the plasma treated PElI membranes layered with AuNPs and lysine,
to the above mentioned polystyrene surfaces modified with Poly-L-Lysine (Fig. 2.11,
bar B). Even here the plasma-AuNP-lysine treated PEI membrane fared better.
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Figure 2.11 Statistical representation of MTT assay performed on cells grown on various
treated surfaces. A (polystyrene), B (Poly L-lysine coated polystyrene surface), C (untreated
PEI), D (plasma treated PEI), E (plasma treated PEI layered with GNPs) and F (plasma
treated PEI layered with GNPs and further decorated with lysine molecules).

Surface treatment of materials for better applicability as implants and cell
culture is a well-established phenomenon. Treatments encompassing the simplest like
etching the surface to nano-indentation and ion/particle bombardment have all been
practiced widely. The surface treatment has been shown to result in better integration
of cells with the material apart from improved anchorage and stability. The presence
of amine groups on the other hand not only increases the surface wettability but also
provides enhanced attachment and proliferation of cells on this surface [173],174-
177]. This may be due to the selective adsorption of proteins from the culture medium
onto the surface [75] or due to the direct interaction of the cells with the amine groups
[178]. Earlier studies suggest that in case of human endothelial cells, a prior treatment
of polymeric membranes with ammonia plasma promotes the adsorption and
immobilization of fibronectin and vitronectin, consequently enhancing the attachment
and growth of these cells. These interactions can also be influenced to a good deal by
the surface topography of the biomaterial. Evidences support the fact that micrometer
and nanometer scale changes in the surface topography lead to an alteration of cell
adhesion, proliferation and morphology [179, 180].
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In the present study, gold nanoparticles capped by lysine molecules provide
the surface roughness along with the exposure of amine groups necessary for cell
attachment and proliferation. For example, Gugala et al.. reported plasma-treatment of
poly-lactide membranes and showed that a mere 3° decrease in contact angle achieved
by ammonia plasma treatment of the membrane gives enough scope for cell
attachment and proliferation [110]. Interestingly, treatments with other plasmas like
CO; and SOg, though result in the decrease of contact angle, no significant increase in
the cell attachment and proliferation as observed with NH3 plasma treatment were
seen. This clearly establishes that not only a decreased contact angle but the surface
chemistry of the membrane also plays a major role in cell attachment and
proliferation. Here we present an easy way to obtain highly hydrophilic films without
much dependence on the plasma treatment with desirable surface characteristics. This
is evidenced by the decrease in contact angle to ~25° by the final treatment of plasma
treated PEI membranes with AuNPs and then lysine. The presence of the amine
groups of lysine increases the hydrophilicity of the films and probably acts in a

synergistic way to augment the above attributes.

The advantage of using a layer of AuNPs to attach lysine instead of attaching it
directly to plasma treated membranes is discussed further. As shown in Scheme 2.4,
for every single NH, group on the polymer surface, we can attach a single lysine
molecule if covalent attachment techniques are followed. It can be easily deduced that
approximately 5 x 10* lysine molecules cover a 1 cm x 1 cm polymer membrane in a
self assembled monolayer fashion [181]. However, this requires the generation of
those many —NH, groups on the surface. Obviously we cannot reach this limit by
employing plasma treatment alone, as this will lead to considerable destruction of the
polymer membrane. On the other hand presence of a monolayer of gold nanoparticles
of ~ 45 nm diameter on the same membrane can accommodate ~6 x 10 particles.
Interestingly this leads to the availability of functional area to which 1 x 10%
molecules of lysine can be attached. This is a 100% increase compared to the prior
monolayer case (Scheme 2.5). Moreover, this is achieved without causing much
damage to the polymer membrane, as we do not require a complete monolayer of —

NH, functionalization on PElI membrane for AuNP attachment.
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Thus this simple treatment may fulfil the requirements of more -NH,

functionalization without compromising the polymer properties.

Scheme 2.4: Schematic depiction of the number of NH, groups available after covalent
attachment of one lysine molecule to NH, pendent present on the surface of PEI.

To validate this, an amine gquantification assay was performed according to the
method described previously by Moon et al. [[182]; the details of amine
quantification are mentioned in Appendix I]. Indeed, a 30% increase in the number of
amine groups is observed in AuNP plus lysine treated PElI membranes as compared to
plasma treated membrane alone. Though the value obtained experimentally is not
close to the idealized picture described above, it proves sufficient enough for better
cell proliferation and attachment and validates the effectiveness of the simple method.

Scheme 2.5: Schematic depiction of the increase in number of NH, groups available after
attachment of lysine molecules to AuNP attached to NH, pendants present on the surface of
PEI.
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One interesting feature that is observed is the deterioration of cell growth on
the membrane treated with AuNPs only (Fig. 2.11, bar E). The citrate reduced AuNPs
have exposed COO" groups, leaving a net negative charge on the film upon AuNP
attachment to the film. The cell surface is also known to possess a net negative charge
by virtue of proteins and lipids present on the surface [183]. A frail interaction
between the cells and the exposed AuNPs is considered to be the reason for the failure
of cell growth and proliferation. In contrast, the film having an additional layer of
lysine has an increased number of —NH; groups exposed on the surface (Scheme 2.3),
which are readily available for the cells to interact with, thus leading to the results

obtained here.
2.4 Conclusion

The chapter demonstrates a simple Layer-by-Layer assembly of gold
nanoparticles and lysine on plasma treated poly(etherimide) films to be an effective
method for cell attachment and proliferation. The results could be attributed to the
presence of biocompatible gold nanoparticles decorated with the amino acid lysine,
which provide the enhanced surface roughness as well as immobilization of cell-
friendly surface functional groups. The simplicity of this method along with its

effectiveness could be extended to other systems including implants.
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2.5 Appendix |

The plasma treated PEI film were immersed into anhydrous methanol (25 mL)
containing 4-nitrobenzaldehyde (PNB; 10 mg) and acetic acid (0.02 mL) under
nitrogen atmosphere for 3 h at 50 °C. This leads to the condensation of 4-
nitrobenzaldehyde with the surface amine groups on the films. The intensity of UV-
absorbance of the initial 4-nitrobenzaldehyde and the same after removal of the films
was measured and the concentration difference was determined (Fig. Al). This would
directly correspond to the number of surface amine groups. In a control experiment
pure as-prepared films were also dipped into 4- nitrobenzaldehyde solution and it was
found that this did not lead to any difference in the intensity attesting to the fact that

amine groups are necessary for the reaction with 4-nitrobenzaldehyde.
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Figure Al: Representation of the OD measured for p-nitro benzaldehyde as a means for
quantifying the number of amine groups present on the plasma treated PEI film (green) and
plasma treated PEI films with AUNP and lysine (blue).
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Silver Nanoparticles Studded
Porous Polyethylene Scaffolds:
Applications as Novel
Antibacterial Matrices
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A class of ‘glycolipids’ called sophorolipids were known to cause reduction of silver
ions to silver nanoparticles where the sophorolipids act as both reducing as well as
capping agents. In the present chapter we exploited this property of sophorolipids to
prepare silver nanoparticles immobilized on polymer scaffolds. To achieve this porous
polyethylene scaffolds were first subjected to N>+H, plasma treatment.
Subsequently the sophorolipids were covalently attached to the amine groups on the
polymer surface to yield sophorolipid grafted polymer scaffolds. These were exposed
to Ag* ions under appropriate conditions that lead to the formation of silver
nanoparticles which were immobilized on the polymer scaffolds. These silver loaded
polymer scaffolds displayed excellent antibacterial properties. Interestingly, these
scaffolds encourage attachment and proliferation of mammalian cells, making them

good candidates for implant applications.




Chapter 3

48

3.1 Introduction

Bacterial infection continues to be a great menace in medical implants such as
subcutaneous sensors, catheters and artificial prosthetics etc. despite thorough aseptic
procedures followed while implanting them. Infection in the implant, lead to serious
problems. A major threat comes from pathogens such as the Gram positive
Staphylococcus aureus. This pathogen is widely present in hospital environment,
surgical equipment, and clothing worn by doctors [184]. Implant-associated infections
are the result of bacterial adhesion to a biomaterial surface [185]. Further, a
competition exists between integration of the material into the surrounding tissue and
adhesion of bacteria to the implant surface [186]. For a successful implant, tissue
integration should occur prior to appreciable bacterial adhesion, thereby preventing
colonization at the implant. However, host defences are often not capable of
preventing further colonization if bacterial adhesion occurs before tissue integration
[186]. For the long-term success of an implant a crucial period of 6 h post-
implantation has been identified during which prevention of bacterial adhesion is
critical [187]. Over this period, an implant is particularly susceptible to surface
colonization. At extended periods, certain species of adhered bacteria are capable of
forming a bio-film at the implant-tissue interface. Bio-films are extremely resistant to
both the immune response and systemic antibiotic therapies, and thus their
development is the primary cause of implant-associated infection. The formation of a
pathogenic bio-film ensues from the initial adhesion of bacteria to an implant surface.
Thus, inhibiting bacterial adhesion is often regarded as the most critical step to

prevent implant-associated infection.

Another field which is more prone to bacterial contamination is the water
purification system. Water may contain many such factors which may in turn support
survival of microbes in it. Purification of water for various purposes is therefore
essential. This has been achieved since long by the use of filters. These filters tend to
get clogged over a period of time along with the accumulation of microorganisms.
The major water contaminants are Gram negative bacterium Pseudomonas
aeruginosa and Gram positive bacterium Bacillus subtilis. Therefore, intense research
is being done to develop antibacterial agent loaded materials that can be used as filters

[188, 189].
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An ideal antimicrobial matrix would have a number of key attributes, such as,
broad-spectrum antimicrobial activity (including activity against antibiotic-resistant
bacteria, such as methicillin-resistant Staphylococcus aureus and vancomycin-
resistant enterococci), with low potential for resistance. In implant applications, the
matrix should effectively display antimicrobial activity in a controlled manner so that
the newly formed tissue which provides an environment for uninhibited growth is
protected against bacterial attack. The matrix should be nontoxic, rapid acting, non-
irritant or non-sensitizing. Silver has long been known for its bactericidal potential
[190, 191]. The antibacterial properties of silver are hypothesized to be stemming
from its oxidized form (i.e., Ag"). It has been hypothesized that silver can interact
with the sulphur present in the bacterial cell membranes and cause the much spoken
antibacterial activity by inactivating the bacterial enzyme machinery [192]. This is not
all, as Ag' ions are also known to bind DNA and cause damage at the genetic level
[193, 194]. Polymers that actively release silver in the oxidized state have been
developed and these indeed exhibited strong antibacterial activity. Such coatings act
as reservoirs of silver and are capable of releasing bactericidal levels of Ag" for
extended periods (>3 months) [195]. Kumar and Munstedt have studied the Ag" ion
release from polyamide polymers over a long period. They have reported that a
regular flux of Ag" ions released from the polymer make it highly biocompatible over
long time periods [196, 197]. Recently several reports revealing the antibacterial
activities of silver nanoparticles have been published [198-203]. Catheters with silver
deposition have been used to check microbial growth in various organs [204]. Also,
films and coating containing silver ions and/or silver nanoparticles are being tested as
candidates for achieving cleaner, microbe free surfaces [205]. Silver nanoparticles in
wound dressing materials serve as good agents to decrease the bio-burden [206]. A
major drawback with such silver coatings is their susceptibility to lose silver through
washing. There are quite few methods known to synthesize silver nanoparticles with a
good degree of biocompatibility [203]. A recent report by Singh et al. describes a
novel eco-friendly method involving a bio-surfactant called sophorolipid as capping
and reducing agent for the reduction of Ag” ions to Ag’ [207] without compromising
with its antibacterial property. In our present work, we build up on this finding with a
slight modification and try to get silver immobilized as nanoparticles onto polymer

scaffolds; thus finding a possible solution to the above mentioned drawbacks related
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to silver coatings. Antibacterial activity of such silver immobilized porous
polyethylene scaffolds (Ag-pPE) was tested against P. aeruginosa, B. subtilis and S.
aureus. Mammalian cell survival studies were also performed on these scaffolds
where it was observed that these antibacterial scaffolds check bacterial growth

without hampering the cell attachment and proliferation.

3.2 Experimental details

3.2.1 Synthesis of oleic acid and linoleic acid sophorolipids

Sophorolipids (SL) are a class of glycolipids which contain a “sophorose”
moiety attached to a fatty acid. These bola-amphiphiles are a kind of microbial
extracellular bio-surfactants produced by yeasts, such as Candida bombicola,
Yarrowia lipolytica, Candida apicola, and Candida bogoriensis [208]. Sophorolipids
mainly occur as mixtures of closed ring (macrolactone form) and open ring (acidic
form) structures, which undergo acetylation to various extents at the primary hydroxyl
group of the sophorose ring [208, 209]. In the present study sophorolipids were
prepared by biotransformation of fatty acids such as oleic acid and/or linoleic acid
using Candida bombicola [210]. Synthesized at room temperature, these
sophorolipids have a structure based on the precursor used for their synthesis. Scheme
3.1 shows the structures of oleic acid and linoleic acid and their respective
sophorolipids. The monooxygenase enzyme machinery of the yeast, C. bombicola is
responsible for bio-transformation of the precursor lipid molecule into sophorolipid
via a multistep process. First, the fatty acid gets converted into a terminal (®) or
penultimate (w-1) hydroxy fatty acid by the action of a membrane bound (NADP)
nicotinamide adenine dinucleotide phosphate (a reduced form of NADPH) dependent
monooxygenase enzyme, cytochrome P450 [211]. Second, the enzyme
glycosyltransferase-1 glycosidically couples glucose (at position C-1) to the hydroxyl
group of the fatty acid. In the next step a second glucose molecule is attached to C-2
position of the first glucose moiety by glycosyltransferase II [212]. The crude
sophorolipids are obtained as mixture of acidic and non-acetylated molecules. These
can then be converted to the pure acidic form with all acetylations hydrolyzed by a

base hydrolysis. In our study we used such pure acidic forms.
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Linoleic acid-Sophorolipid Oleic acid-Sophorolipid

Scheme 3.1: Structure of linoleic acid and oleic acid along with their respective
sophorolipids.

3.2.2 Fabrication of pPE scaffolds

Porous scaffolds were fabricated by sintering micron sized beads of
polyethylene. The detail procedure has been described previously (Chapter 2: section
2222).

3.2.3 Attachment of oleic acid sophorolipid (OA-SL) and linoleic acid (LA-
SL) sophorolipid to the scaffold

Scheme 3.2 demonstrates our method by which pPE scaffolds are modified by
plasma treatment and subsequent stitching of sophorolipids derived from oleic acid

and linoleic acid. The scaffold is then used to reduce Ag*ions to Ag” ions.

Experimental Details
In the first step, the polymer scaffolds are treated with N, and H; plasma for 5

min. Thereafter, oleic acid sophorolipid (OASL)/linoleic acid sophorolipid (LASL)

molecules are covalently stitched onto the scaffolds as described below.
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pPE scaffold studded with AgNPs

Scheme 3.2: Representation of the complete procedure followed to obtain silver
nanoparticle studded porous polyethylene scaffolds.

In a typical experiment pPE scaffolds of 1.5 cm? size were taken in a round
bottomed flask with 100 mg OA-SL/LA-SL in the presence of a 100/ 200 mg catalyst
1-ethyl-3-(3- dimethylamino propyl)-carbodiimide (EDCI) and 5 mL of
dichloromethane (DCM)/ dimethyl formamide (DMF) and refluxed for 32 h with
continuous stirring. After the reaction is complete, the supernatant is decanted; the
scaffolds are separated, washed with DCM / DMF/ ethyl acetate several times and

dried in a desiccator under vacuum.
3.2.4 Formation of silver nanoparticles

The scaffolds, now having OA-SL and LA-SL molecules chemically stitched
onto their surface are exposed to 10° M AgNOs solution with 1 mL of 1M KOH
(pH~11) under boiling condition. The Ag" ions get reduced and converted to silver
nanoparticles by the SL molecules. As the SL molecules are covalently attached to the
polymer scaffold, a silver nanoparticle studded 3D scaffold results. This is indicated
by the development of a brownish colour (Fig. 3.2 B) on the otherwise white coloured

scaffold (Fig. 3.2 A). Alkaline condition is a pre-requisite for the reduction to take
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place. Control experiments containing untreated scaffolds and plasma treated
scaffolds were also performed, which did not give any reduction of Ag" ions to Ag’.
This indicates that the chemically stitched SL molecules are the reducing as well as
capping agents in this reaction. Atomic Absorption Spectroscopic (AAS) analysis

reveals that on an average the pPE scaffold contains 15-20 pg of AgNPs per cm’.

f
f
A

B

Figure 3.2: Images of pPE scaffolds showing the change in colour from A) white
(untreated) to B) brown (scaffold with AgNPs) .

3.2.5 Antibacterial activity of silver studded scaffolds (Ag-pPE)

In various in vitro and in vivo studies, silver-treated materials have been
shown to be effective bactericidal agents against Staphylococcus epidermidis,
Staphylococcus aureus, Escherichia coli, Enterococcus faecalis, Candida albicans
and Pseudomonas aeruginosa [213-215]. In addition, ion implantation reportedly
enhances catheter surface characteristics to reduce bacterial attachment and bio-film
formation [216]. Extensive toxicological tests demonstrate that silver-ion implanted

materials are biocompatible [215].

Bacillus subtilis Pseudomonas aeruginosa  Staphylococcus aureus

Figure 3.3: Images of the three test microorganisms chosen for the study. (Image courtesy
http://images.google.co.in)

This part of the chapter briefly describes the antibacterial activity of the Ag-
pPE synthesized in the previous section. Agar plate method was used for the
antibacterial assay. We chose three test microorganisms: Pseudomonas aeruginosa
(ATCC 2207, Gram-negative bacterium), Bacillus subtilis (ATCC 6633, Gram
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positive bacterium) and Staphylococcus aureus (ATCC 2079, Gram-positive
bacterium) to investigate the antibacterial potential of the silver studded scaffolds.

These microorganisms were chosen based on certain criteria.

B. subtilis is a Gram positive bacterium commonly found in soil. Though non
pathogenic to humans it may cause food contamination. Its spores can survive the
extreme heating used to cook food, and it is responsible for causing ropiness- a sticky,

stringy consistency caused by bacterial production of long-chain polysaccharides.

Pseudomonas aeruginosa is a common opportunist pathogen which causes
diseases in humans. It is usually found in soil, water, skin flora and most man-made
environments. Its versatility enables it to infect damaged tissue or people with
lowered immunity. P. aeruginosa can colonize in specific body parts and if
unattended, the infection can be quite fatal. Since it thrives in moist environments,
this microbe is also found on and in medical devices, equipments including catheters,
causing cross infections in hospitals and clinics. Bio-films formed by P. aeruginosa
can cause chronic opportunistic infection. They often cannot be treated effectively
with traditional antibiotic therapy. It is considered to be a model organism for the

study of antibiotic resistant bacteria.

Staphylococcus aureus, commonly known as the golden staph is a Gram
positive, spherical bacterium. It is known cause serious food poisoning, minor skin
infections like pimples, boils, cellulitis to life threatening diseases namely
endocarditis (infection of the heart valves), meningitis, pneumonia and toxic shock
syndrome (TSS). It is one of the four most common causes of nosocomial infections,
often causing postsurgical wound infections. Certain strains, MRSA, exhibit
antibiotic resistance [217]. It does not easily succumb to antibacterial agents and is a
major cause for implant associated infection and rejection. S. aureus has the ability to
thrive on hard dry surfaces which makes it more dangerous, as it can grow on medical

equipments.
3.2.5.1 Antibacterial assay

All three micro organisms were maintained on Luria Bertani (LB) agar slants.
Pre-inoculums of the above-mentioned bacterial strains were inoculated separately in

100 mL of Luria Bertani medium and incubated (30 °C, 200 rpm) for 24 h in order to
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perform further experiments. Antibacterial tests of Ag-pPE were carried out using
standard dilution micro-method. The culture containing 10° cfu/ mL was serially
diluted to obtain 10* cfu/mL. In a typical experiment, five test tubes containing LB
broth were inoculated separately with 10* cfu/mL. Out of these, four test tubes were
incubated with untreated pPE scaffold, plasma treated pPE scaffold, OA-SL/LA-SL
containing pPE scaffold and Ag-pPE respectively. The fifth tube was incubated
without any scaffold and served as a control. The whole setup was maintained at 37
°C under shaking condition (200 rpm). Aliquots of 75 pL were drawn from each of
the above said sets at regular intervals and plated on LB-Agar plates. These plates
were then incubated at 37° C for 24 h and the colonies were counted manually.
Percentage of bacterial cell survival was calculated according to the following

formula...

% Cell death =100 & (Ne/Ng). .. evemeniniiiiiiiiiiieeene (1)
Where, N. = Number of living bacterial colony on the examination plate

N = Number of living bacterial colony on the control plate

3.2.6 Results of Antibacterial test of Ag-pPE against Bacillus subtilis,

Pseudomonas aeruginosa and Staphylococcus aureus

3.2.6.1 OA-SL-AgNPs studded pPE (OASL-Ag-pPE)

10* cfu/mL of test organism were exposed to four different types of pPE
scaffolds separately. The set up was arranged as described above and 75 pL of aliquot
was withdrawn at regular intervals of 1 h, 3 h, 6 h and 12 h and plated on LB-Agar
plates. Figure 3.4 shows the % cell survival of B. subtilis against OASL-Ag-pPE. It is
very clear that in case of plasma treated pPE scaffolds (A), there is a gradual increase
in the % cell survival with time, whereas in case of scaffolds containing OASL
molecules the % cell survival falls from 80% in 1 h to almost 55% after 12 h. This is
understandable as sophorolipids are known to show antibacterial activity [218]. The
most dramatic decrease in the % cell survival is seen in case of the OASL-Ag-pPE
where 76% survival in 1 h drops to 10% within 6 h and at the end of 12 h almost no

bacterial cell survival is observed.
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Figure 3.4: Statistical data representing the % cell survival of Bacillus subtilis against A)
plasma treated scaffold; B) plasma treated scaffold with OA-SL and C) AgNP studded
scaffolds after different time intervals.

The corresponding LB-Agar plate images of the same are shown in Fig. 3.5.
The first vertical panel shows petri plate images of B. subtilis in the control
experiment (without scaffold) after regular time intervals. The microorganism can be
seen growing like a mat in the absence of any scaffold. Note worthy are the changes
observed in the fourth panel where the bacterial culture is incubated in the presence of

silver studded scaffolds, where after 6 h no bacterial growth is observed.

Control PE-Plasma PE-OASL PE-AgNPs

o
3 =

Figure 3.5: Comparative antibacterial activity of a) Control (without scaffold); b)
untreated scaffold; c) plasma treated scaffold; d) plasma treated scaffold with OA-SL
and e) AgNP studded scaffolds against Bacillus subtilis.
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Similar experiments were performed with P. aeruginosa as the test organism.
Figure 3.6 reveals that the % cell survival of P. aeruginosa against OASL-Ag-pPE. A
significant reduction in % cell survival is observed within 3 h of treatment. Upon
further incubation the survival decreases through 6 h until almost no bacterial colony

is seen after 12 h of treatment (Fig. 3.7).
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Figure 3.6: Statistical data representing the % cell survival of Pseudomonas aeruginosa
against A) plasma treated scaffold; B) plasma treated scaffold with OA-SL and C) AgNP
studded scaffolds after different time intervals.

Control PE-Plasma PE-OASL PE-AgNPs

Figure 3.7: Comparative antibacterial activity of a) Control (without scaffold); b)
untreated scaffold; c) plasma treated scaffold; d) plasma treated scaffold with OA-SL and
e) AgNP studded scaffolds against Pseudomonas aeruginosa.
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The trend observed when S. aureus was exposed to OASL-Ag-pPE (Fig. 3.8)
is very interesting. Here, the silver nanoparticles killed ~ 98% of the bacterial cell
population which out-marked all the other scaffolds. Figure 3.9 shows the
representative agar plate images. Note-worthy is the comparison between the
untreated scaffold (1* panel) and the silver studded scaffold 4" panel). An

overwhelming decrease in the cell number can be visually seen.
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Figure 3.8: Statistical d_ata representing the % cell survival of Staphylococcus aureus

against A) untreated scaffold; B) plasma treated scaffold; C) plasma treated scaffold with
OA-SL and D) AgNP studded scaffolds after different time intervals.

Control PE-Plasma PE-OASL PE-AgNPs
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L)

Figure 3.9: Comparative antibacterial activity of Control-untreated scaffold (Panel 1);
plasma treated scaffold (Panel 2); plasma treated scaffold with OA-SL (Panel 3) and
AgNP studded scaffolds (Panel 4) against Staphylococcus aureus.
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3.2.6.2 LA-SL-AgNPs

The same experiments were repeated with scaffolds containing LA-SL in
order to determine which of the two sophorolipids proves better in terms of synthesis
of AgNPs and also supporting antibacterial activity. Figure 3.10 represents the % cell
survival of the three test microorganisms, when subjected to incubation with pPE

scaffolds.
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Figure 3.10: Statistical data representing the % cell survival of S. aureus (panel 1), P.
aeruginosa (panel 2) and B. subtilis respectively after 1 h, 3 h, 6 h and 12 h of incubation with
plasma treated pPE scaffolds (A), pPE scaffolds with LA-SL (B) and silver studded pPE
scaffolds (C).

In case of B. subtilis it was observed that % cell survival falls from 96% in 1 h
to almost 73% after 12 h in case of plasma treated scaffolds, from 88% in 1 h to 40%
after 12 h in case of scaffolds with LASL molecules and from 82% in 1 h to 4% after
12 h in case of scaffolds containing silver nanoparticles. P. aeruginosa exposed to
silver studded scaffolds exhibits a drop in % cell survival- 55% within 1 h to almost
nil in 6 h. Once again, the most interesting results were obtained with S. aureus
exposed to silver studded scaffolds. Here, as indicated in the figure Panel 1- within 1
h the bacterial population falls to a mere 20%, which gets completely destroyed
within 3 h. Thus it appears that OA-SL reduced silver studded scaffolds are more
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effective against S. aureus whereas, the LA-SL reduced silver studded scaffolds show

best antibacterial activity against P. aeruginosa.

3.2.7 Cell culture studies

While the silver studded polymer scaffolds have displayed excellent
antibacterial activity, it remains to be seen whether they support the growth of
mammalian cells, which is a pre-requisite for them to be used in implant applications.
Similar studies performed earlier portray encouraging trends which reveal that silver
containing materials, while providing excellent antibacterial surfaces, support
adhesion and proliferation of mammalian cells [219]. Thus we studied cell attachment
and proliferation of Chinese Hamster Ovary (CHO-K1) carcinoma cells on these

silver studded polymer scaffolds.

3.2.7.1 Study of cyto-compatibility of CHO-K1 cells to pPE scaffolds

As a first step, the pPE scaffold was tested for biocompatibility with CHO-K1
cells. The experiment was performed exactly as described in the previous chapter

(Chapter 2, Part A, Section 2.2.5.2).
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Figure 3.11: Statistical data representing the % mitochondrial activity of the CHO-K1 cells
grown on A) control (polystyrene culture plate surface), B) untreated scaffold; C) plasma
treated scaffold; D) plasma treated scaffold with OA-SL and E) AgNP studded scaffolds after
different time intervals.

CHO-K1 cells were seeded into the scaffolds at a concentration of 10* cells/
scaffold and allowed to incubate at 37 °C for 96 h. Thereafter the OD was measured
at 570 nm. The statistical data indicates that untreated pPE (Fig. 3.11, bar B) is a
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biocompatible polymer as it is not toxic to the cells but cannot support cell growth
and proliferation in-itself. The plasma treated pPE scaffold on the other hand shows
good cell viability (Fig. 3.11, bar C). The scaffolds with SL molecules (Fig. 3.11, bar
D) covalently stitched onto them present a hydrophilic surface to the cells, but due to
the negatively charged nature of these molecules a certain level of repulsion for such
surfaces is observed. The initial attachment of the cells is poor hence, they exhibit
decreased viability.  But these drawbacks are overcome in case of the scaffolds
studded with silver nanoparticles (Fig. 3.11, bar E). The graph clearly represents a

good viability of the mammalian cells grown on such scaffolds.

3.2.7.2 Attachment and proliferation of CHO-K1 cells to silver studded
pPE scaffolds

Mammalian cell growth and proliferation studies in the Ag-pPE scaffolds were
performed exactly as described in the previous chapter (Chapter 2, Part A, Section
2.2.5). The scaffolds were thoroughly washed to remove any unreacted Ag' ions.
Sterilization of the scaffolds was not performed as the experiment was so designed as
to give a clear picture of whether the Ag-pPE scaffolds were able to prevent bacterial
contamination within them at the same time supporting normal growth and
proliferation of mammalian cells. 10* cells were seeded into the scaffolds kept in a 12
well tissue culture plate and were allowed to attach for 30 to 45 min. Once the cells
got the required anchorage, sterile media was carefully added along the sides of the
well taking care not to wash out the cells from the scaffold or disturb the arrangement.
The scaffolds were incubated for over 96 h. Observations were made at regular
intervals. The whole experiment was carried out in three sets. The tissue culture plate
served as a control. Initial attachment of CHO-KI1 cells was quite good on all the
surfaces. With time the cells divided and in case of the control, formation of
monolayer was observed. The wells which contained the unsterilized scaffolds
showed interesting features. In case of all the scaffolds except for the silver studded
scaffold severe contamination was observed and the CHO-K1 cell could be seen
detached from the surface and floating in the media. Turbidity could be seen in these
wells. In case of the Ag-pPE scaffold, we reckon that, the presence of silver
nanoparticles gave the scaffold an added advantage of fighting bacterial

contamination and at the same time supporting normal growth and proliferation of
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CHO-K1 cells. The initial visual observations were confirmed by performing a cell
count. CHO-K1 cells were trypsinized from the scaffold and counted using the

Neubauer’s chamber.
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Figure 3.12: Statistical data representing the comparative CHO-K1 cell survival in A) control
(polystyrene culture plate surface), B) untreated scaffold; C) plasma treated scaffold; D)
plasma treated scaffold with OA-SL and E) AgNP studded scaffolds after different time
intervals.

From Fig. 3.12 it can be seen that among all the samples studied, OA-SL
capped and reduced silver studded scaffolds encourage the maximum growth and
attachment of cells. As mentioned previously, this can be attributed to the presence of
silver nanoparticles, which kill the bacteria and enhance cell growth [215]. A similar
trend of cell count was observed with scaffolds having LA-SL stitched onto it (Fig.
3.13).
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Figure 3.13: Statistical data representing the comparative CHO-K1 cell survival in A)
control (polystyrene culture plate surface), B) untreated scaffold; C) plasma treated scaffold;
D) plasma treated scaffold with LA-SL and E) AgNP studded scaffolds after different time
intervals.
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3.3 Conclusion

The use of implants increases with the increase in population and extensive
surgical practices. Therefore, implants are needed which are better adapted to the
present scenario and which can provide longer stable performance. Also, the need to
provide hygienic water supply, has become a key requirement today. This chapter
describes the antibacterial efficiency of silver studded porous polyethylene scaffolds.
The in-vitro studies discussed here very clearly indicate that the AgNPs studded pPE
scaffolds are effective and rapid acting against many commonly known pathogens,
when in direct or indirect contact with the microorganisms. The scaffolds showed best
results against the rigid pathogen Staphylococcus aureus, which was completely
killed within 1 h of exposure to pPE scaffold containing 20 pg of AgNPs per cm’.
Further, some cell culture experiments were carried out on these scaffolds to check
their ability to support cell growth and proliferation. Interestingly, the scaffolds not
only act as excellent antibacterial matrices but also encourage healthy growth of
CHO-K1 cells. Future research should aim at increasing the antibacterial efficacy of
such composites, possibly through the combination of two or more active strategies,

or by coupling suitable active and passive approaches.
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3D Porous Polyethylene/Metal
Nanoparticle Scaffolds: A Step
towards Better Tissue Engineering

3D scaffolds fabricated using porous polyethylene and gold nanoparticles have been
used to grow mammalian cells. The worK_is an extension of the results obtained with
2D scaffolds. These composites not only support cell growth and proliferation for a
long duration but also provide the facility of being able to grow more number of cells
in a given area. Such scaffolds can be used in implant fabrication and volume filling

applications.
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4.1 Introduction

Since ancient times, the ultimate aim of surgery has been the repair of
tissue/organ. It involves two forms (i) tissue grafting and organ transplantation and (ii)
alloplastic or synthetic material replacement [220]. Reconstruction of cranial defects
using gold has been known since 2000 BC, whereas tissue grafting was introduced in
the 1660°s [221]. Both these techniques however, have their own precincts; grafting
requires a second surgical site while the use of synthetic material does not always gel
well with the normal body tissue. As a result the reconstructed tissue faces rejection
over a period of time. Transplantation provides hope to many patients with tissue loss
or organ failure, but the limiting factors such as lack of donors and the involvement of
immunosuppressive therapy seriously hinder the potential benefits of this technology.
Tissue engineering (TE) has emerged as an answer to this predicament; it is a relatively
new, interdisciplinary and multidisciplinary field that has seen intense development in
recent years [222]. In this regime, man-made materials called “scaffolds™ are used as
implants and prostheses. These are seeded with biofactors (cells, genes and/or proteins)
to enhance tissue repair [223-226]. Further, porosity of the scaffold plays a significant
role by preserving tissue volume and providing mechanical support. An ideal candidate
for such applications must be able to strike a balance between these two major roles, at
the same time providing sequential transition allowing the regenerated tissue to assume
function. The idea that tissues, and ultimately organs, can be "engineered" to be used in
patients requiring transplantation is at the same time revolutionary and stimulating.
However, TE is a discipline still at its infancy, an intricate puzzle far from being
completed. One key piece of this puzzle is the scaffold that acts as temporary artificial
extracellular matrix for cell accommodation; proliferation and differentiation function
at the same time serving as three dimensional templates for neo-tissue formation and
initial remodelling. The choice of the best scaffold for a particular TE application and
how to change an existing scaffold to improve its performance are important
components of any TE research project. Increasing demand for special materials has led
to the conception of composites which combines characteristics of different materials
into one. Intricacies of the composites decide the fate of their applications. Much work
has been done in the direction of such matrices [227-229]. Surface properties play a

very significant role in making a good substrate/matrix for cell attachment and growth.
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In this case again the desired characteristics of the scaffold are hydrophilicity and cell
friendly surfaces. This can be achieved through various means, plasma treatment being
one of the simplest and most feasible among them. This is because plasma can easily
penetrate the pores present in these scaffolds and functionalize the places
unapproachable by other means. One of the pioneers in this field, Sylwester
Gogolewski, has extensively employed this method for routine treatment of porous
poly(L/DL-lactide) 80/20%, used for the study of osteoblasts and chondrocytes. Other
methods used for surface functionalization may include elaborate machinery, expensive
chemicals and harsh conditions, which might not result in the fabrication of a matrix

especially suited for specific applications such as tissue engineering.

In our earlier studies we used treated 2D polyethylene films as novel surfaces to
enhance cell growth and proliferation. Carrying the concept further in this chapter, we
have made use of 3D scaffolds which provide larger volume in a given space as
compared to the 2D films. The porous nature of these scaffolds provides maximum
approachability for the cells to enter inside the scaffold and grow. These results were

supported by phase contrast micrographs, SEM images and cell counts.

4.2 Experimental details
4.2.1 Fabrication of pPE scaffolds

The scaffolds with average pore size of 100-150 um were prepared using the
same procedure as described earlier (Chapter 2, section 2.2.2.2). Further, these scaffolds
are subjected to N, and H; plasma treatment and thereafter AUNPs and lysine molecules
are attached onto it as described in Chapter 2, section 2.2.3 and 2.2.4.

4.2.2 Cell growth and proliferation studies

These specially fabricated porous 3D scaffolds have proved to be
biocompatible. Further, our objective remains to prove that these scaffolds provide
scope for obtaining increased number of cells in a given area. Upon comparing any 2D
structure with its porous 3D form it becomes very clear that the later has an increased
volume capacity. Thus, we chose CHO-K1 (Chinese hamster ovary; ATCC No. CCL-
61) carcinoma cells and NIH3T3 (mouse embryonic fibroblasts; ATCC No. CRL-2795)
cells for this study and seeded equal number of cells in each scaffold. The cells were

grown and maintained as described earlier (Chapter 2, section 2.2.5).
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4.3 Result and Discussion

The use of porous polyethylene scaffolds was brought about in-order to
study the growth and proliferation kinetics of mammalian cells in 3D structures.
Notably these scaffolds provide very favourable conditions for the cells to survive for
longer durations.
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Figure 4.1: Contact angle measurements of pPE after various treatments.

The surface chemistry and topography also play a vital role in supporting cell
attachment and growth. Several methods were used to analyze this. Figure 4.1 shows
the contact angle measured after every treatment. The untreated scaffolds are very
hydrophobic. This can be seen from the initial contact angle value, which is measured at
110 degrees. After plasma treatment the value dips down to 65 degrees and thereafter

with AuNPs and lysine it is recorded at 15 degrees.

Cell growth and proliferation studies were performed using CHO-K1 and
NIH3T3 cells, which were maintained in DMEM. A flask with 70-80% confluency was
chosen and three sets of experiments were performed to obtain consistent results. Cells
were seeded at a concentration of 10° cells/scaffold. The seeding procedure was kept
constant, which involved sterilization of the scaffolds prior to initial seeding of cells,
thereafter cells were allowed to adhere for 15-30 min and then fresh media was added

along the walls of the wells. The studies were carried out in 12-well plates.
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Figure 4.2: Phase contrast images of CHO cells growing in A) untreated pPE scaffolds, B)
plasma treated pPE scaffolds, C) pPE scaffolds containing AuNPs and D) pPE scaffolds with
AuNPs and lysine.

Phase contrast images were captured at regular intervals to ensure proper growth
of cells and to study their morphology. Figure 4.2 shows the images of CHO-K1 cells
taken after 96 h of incubation inside the scaffold. As the polymer used in this study, i.e
polyethylene is known to be used in surgical implants; untreated form of the same was
used as control (Fig. 4.2 A). CHO cells having healthy morphology are visible in the
image, but their density is very low. This explains the biocompatible nature of the
scaffolds. At the same time it is note-worthy that in the untreated scaffold the cells take
a long time to get accustomed compared to incubation of cells growing in plasma
treated scaffolds where a reasonably good increase in numbers as well as density (Fig.
4.2 B) is noticed. The picture continues to be the similar with scaffolds treated with
AuUNPs (Fig. 4.2 C) and lysine (Fig. 4.2 D). Once again a high density of cells is seen in
both the cases. As was observed the density of cells was more in the pores as compared
to the surface (Fig. 4.3). The presence of cells inside the pores suggests a proper flow of
nutrients throughout the scaffold at all times. A detailed examination of cell
morphology indicates the healthy nature of these cells, both in case of the surface as

well as pores.
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Figure 4.3: SEM images showing the cell density on A) the surface of pPE scaffolds and B)
inside the pores.

All these observations were further confirmed by Scanning Electron
Microscopic images (Fig. 4.4). First of all unseeded scaffolds were viewed to give an
idea of the structure and porosity (Fig. 4.4 A). An enlarged pore inside the scaffold can
be seen in Fig. 4.4 B. CHO-K1 cells growing on the surface of the scaffold can be seen
in Fig 4.4 C. On the other hand a clear image of cells growing inside the pores is visible
in Fig. 4.4 D.

Figure 4.4: Scanning Electron Microscopic images of A) plain pPE, B) pore inside the
scaffold, CHO cells growing in pPE scaffolds with AuNPs and lysine at different
magnifications C) and D).

To evaluate the exact number of cells present in the scaffolds, cells were
trypsinized and counted using a Neubauer’s chamber. Figure 4.5 represents the
statistical data obtained from cell counts after 96 h of incubation. Similar amount of
cells (10° cells) were seeded in all the scaffolds and allowed to grow for 96 h. Cells
grown on conventional polystyrene 2D surface were taken as control (Fig. 4.5, bar A).
A clear distinction between the numbers can be seen when compared to 3D scaffolds.
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Bar B shows the cell count obtained from untreated scaffolds. The cell numbers are in
keeping with the phase contrast as well as the SEM images obtained earlier. Plasma
treated scaffolds support a greater number of cells due to the available NH, groups (Fig.
4.5, bar C). At the same time it can be clearly noted that there is a decrease in cell count
obtained from scaffold layered with AuNPs (Fig. 4.5, bar D) though, this is not very
distinctly seen in the phase contrast images (Fig. 4.2 C). The cell counts are highest in
the scaffolds with AuNPs and lysine (Fig. 4.5, bar E).
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Figure 4.5: Statistical data representing cell counts of CHO-K1 obtained after 96 h of
incubation in A) polystyrene culture plates, B) untreated pPE scaffolds, C) plasma treated
pPE scaffolds, D) pPE scaffolds with AUNPs and E) pPE scaffolds with AUNPs and lysine.

Further, to prove the applicability of the procedure, a different type of cell line
was chosen. Fibroblasts are known for their rigidity, as they do not very easily grow on
all surfaces. Hence, we performed the same experiments with NIH3T3 cells. All
experimental processes were kept constant, along with the seeding density. NIH3T3
cells have a doubling time of 20 h. Keeping this in mind the experiments were designed
and phase contrast images were captured after 96 h of incubation (Fig. 4.6). Negligible
number of cells were observed in the untreated pPE scaffold (Fig.4.6 A), whereas a
good density of healthy cells were seen growing in all the other scaffolds (Fig. 4.6 B, C
and D). Scanning electron microscope images also are in consistence with these results
(Fig. 4.7). The untreated scaffolds are shown in Fig. 4.7 A and B, where the structure of

the scaffold can be clearly seen with a proper focus in the pore.
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Once again NIH3T3 cells are seen growing inside the pores of pPE scaffolds
treated with AuNPs and lysine (Fig 4.7 C and D).

Figure 4.6: Phase contrast images of NIH3T3 cells growing in A) untreated pPE scaffolds, B)
plasma treated pPE scaffolds, C) pPE scaffolds containing AuNPs and D) pPE scaffolds with
AuUNPs and lysine.

Figure 4.7: Scanning Electron Microscopic images of A) plain pPE, B) pore inside the
scaffold, CHO cells growing in pPE scaffolds layered with AuNPs and lysine at different
magnifications C) and D).
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The results obtained via the above methods were validated by taking actual cell
counts (Fig. 4.8). For this, 10° cells were seeded per scaffold and allowed to grow for
96 h. Thereafter, cells were trypsinized and counted on Neubauer’s chamber. In this
case also, maximum numbers of cells were recorded in the scaffold with AuNPs and
lysine (Fig. 4.8, bar 4), as compared to all the other treatments. The cells were healthy

and viable indicating the bio-friendly nature of the pPE scaffold.
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Figure 4.8: Statistical data representing cell counts of NIH3T3 obtained after 96 h of
incubation in A) polystyrene culture plates, B) untreated pPE scaffolds, C) plasma treated pPE
scaffolds, D) pPE scaffolds with AuUNPs and E) pPE scaffolds with AuNPs and lysine.

The most important criterion for any material to be used as scaffold for tissue

engineering is its biocompatibility. The scaffold must not only be inert towards the
growing cells but also provide maximum flexibility and opportunity to the cells to
proliferate at higher rates. Keeping this point in mind we performed MTT assay to
determine the toxic effects, if any. The whole experiment was set up as described earlier
(Chapter 2, section 2.2.5.2). CHO-K1 cells and NIH3T3 cells were separately seeded
into the scaffolds at a concentration of 10 cells/ scaffold and allowed to incubate at 37
°C with time duration of 96 h. Thereafter the OD was measured at 570 nm. The results
are shown in figure 4.9 A and B. The data indicates that untreated pPE (Fig. 4.9A and
B, bar B) is a biocompatible polymer, non-toxic to the cells but the proliferation of cells
in this case is very slow. The plasma treated pPE scaffold on the other hand shows good
cell viability (Fig. 4.9A and B, bar C). The scaffolds with AuNPs (Fig. 4.9A and B, bar

D) attached onto them also show a good cell density. Though the % cell viability is less
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as compared to plasma treated and lysine treated scaffolds (Fig. 4.9A and B, bar E). The
initial attachment of cells is poor which could be attributed to negatively charged
surface owing to the presence of COO groups on the AuNPs [183]. Hence, they exhibit
decreased viability.
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Figure 4.9: Statistical representation of % Mitochondrial activity of CHO-K1(A)and NIH3T3
(B) obtained after 96 h of incubation in A) polystyrene plates, B) untreated pPE scaffolds, C)
plasma treated pPE scaffolds, D) pPE scaffolds with AUNPs and E) pPE scaffolds with AuUNPs
and lysine.

4.4 Conclusion

Porous polyethylene scaffolds fabricated into 3D structures were treated
sequentially with N, and H; plasma, AuNPs and lysine. These were then employed for
tissue engineering applications using CHO-K1 and NIH3T3 cells. Both the cell lines
showed good growth in the treated (AuNPs + lysine) scaffolds as compared to the
conventional 2D polystyrene surfaces. The cell images reveal healthy morphology and
the cell counts support these results. Such scaffolds present larger surface area in a
given volume, thus aiding in development of compact tissue, which in turn gains

mechanical support from the former.
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Polyethylene/Metal Nanoparticle
Composites: Reservoir in Tissue
Engineering

Nanocomposites fabricated using gold nanoparticles and polyethylene have been
demonstrated to serve as reservoirs wherein the clusters of PANC-1 cells grow and
differentiate into f-cells, which are responsible for producing insulin. The porous
nature of the scaffold provides ample space and volume for the clusters to grow and
Sill up the entire space. The differentiated cells showed the expression of Key
transcription factors pdx-1, pax6, ngn3, isl-1, gcg and sst, leaving a trail of
promising future for such macroporous surface modified devices in the field of islet

transplantation.




Chapter 5

5.1 Introduction

Tissue engineering is a whole new area of research which involves advanced
reconstructive surgery. 3D scaffolds have solved the intricacies of this area to a great
extent. Scaffolds are useful not only for guided tissue regeneration, but also as space
maintainers. As more and more people opt for replacement therapies the need for such
devices having multiple functionalities becomes important for numerous replacement
therapies. Some typical examples could be cases of joint replacement and insulin
replacement. The pancreas, an organ about the size of a hand, is located behind the
lower part of the stomach. It makes insulin and enzymes that help the body digest and
use food. Throughout the pancreas are clusters of cells called the islets of Langerhans,
which are aggregates of cells averaging about 150 pm in diameter and constituting
about 1 to 20% of the total volume of pancreas. Islets are made up of several types of
cells, including B-cells that make insulin. Diabetes develops when the body does not
make enough insulin, cannot use insulin properly, or both, causing glucose to build up
in the blood. A person who has type I diabetes must take insulin daily to live. Type II
diabetes usually begins with a condition called insulin resistance, in which the body
has difficulty using insulin effectively. Over time, insulin production declines as well,
so many people with type II diabetes eventually need to take insulin. The increased
blood sugar level puts patients at a greater risk for various other complications,
including blindness, gangrene, stroke, ketoacidosis, and heart, kidney, nervous system

and periodontal disease. Diabetes is becoming a great threatening disease these days.

Conventional treatment for type I diabetes involves one or two insulin
injections daily and continuous monitoring of blood glucose but without adjustments
of insulin dosage. Insulin injections under these conditions are not optimal because
blood glucose levels fluctuate incorrectly when there is no feedback control similar to
that present in the B-cells of a healthy human being [230]. In a recent clinical trial,
intensive insulin therapy improved blood glucose level and substantially decreased
occurrences of long term complications in comparison to conventional therapy [231].
The major adverse event associated with intensive insulin therapy is the pronounced
hypoglycemic condition, which can be life threatening if the episodes are more

frequent.
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Alternative methods have been investigated to deliver insulin in a pain free
manner, thereby increasing patient compliance and more effectively regulating blood
glucose levels. Externally worn pumps that continuously deliver insulin
subcutaneously are safe and effective with fewer hypoglycemic episodes, no increase
in complications and lower levels of glycosylated hemoglobin [232]. With the success
of such devices, methods are now being developed to deliver insulin through devices
inserted transdermally and through the pulmonary system. More advanced insulin
delivery systems would provide feedback-controlled insulin delivery without patient
intervention. Insulin pumps are an example of this [233, 234]. In this context, islet
transplantation seems to be a better choice, which also provides normoglycemia, as
they themselves offer physiological feedback controlled insulin release and are
capable of continuously producing insulin. In humans, this procedure involves
implanting islets isolated from a cadaver donor into a recipient’s liver via the portal
vein. Islet transplantation would allow patients to be free of daily insulin injections
and have tighter blood glucose control, thus eliminating many of the secondary
complications of diabetes [230, 232]. Protecting the islets from being attacked by the
immune system remains to be a serious impairment to these methods.
Xenotransplantation, implantation of cells from a species different from the recipient
has also been investigated [235, 236]. Porcine islets are an attractive source for use in
humans due to ease of availability, capability of controlling blood glucose level in
humans without adverse effects. Still, immune response remains to be a major
drawback in making this an ideal solution. Efforts are currently underway to develop
an alternative cell source from either human adult, mouse embryonic, or human
embryonic stem cells. Adult cells present in islets do not replicate in vitro. However,
new islets are being generated throughout a person’s life, thereby suggesting the
existence of adult stem cells or islet progenitor cells in the pancreas [237]. Several
different cells in the pancreas have been identified as possible pancreatic stem or
progenitor cells- ductal tissue, oval cells, or intraislet stem cells [237]. The exact
markers of islet progenitors are still under debate, but three possible markers have
drawn the greatest interest. PDX1" cells are progenitors for all pancreatic tissue [238].
Nestin-positive and NGN3" cells are believed to be islet progenitors [237, 238].

However, nestin-positive cells have been recently shown to be part of the
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microvasculature adjacent to B-cells in the islets, but they did not differentiate into B-
cells, indicating that pancreatic endocrine cells arise independently of nestin-positive
precursors [239]. Adult stem/progenitor cells are an attractive cell source for islet
transplantation as they may allow for autologous transplantation and decrease
patient’s immune response to the implant. However, these cells have a disadvantage

of slower replication rate as compared to embryonic stem cells [240].

Differentiation of cells of the pancreas proceeds through two different
pathways, corresponding to the dual endocrine and exocrine functions of the pancreas.
In progenitor cells of the exocrine pancreas, important molecules that induce
differentiation, include follistanin, fibroblast growth factors, and activation of the
Notch receptor system. Development of the exocrine acini progresses through three
successive stages. These include the pre-differentiated, proto-differentiated, and
differentiated stages, which correspond to undetectable, low, and high levels of
digestive enzyme activity, respectively. Progenitor cells of the endocrine pancreas
arise from cells of the proto-differentiated stage of the exocrine pancreas. Under the
influence of neurogenin-3 (Ngn3) and Insulin gene enhancer protein (Isl-1), but in the
absence of Notch receptor signaling, these cells differentiate to form two lines of
committed endocrine precursor cells. The first line, under the direction of Pax-0,
forms a- and y- cells, which produce the peptides, glucagon (GCG) and pancreatic
polypeptide, respectively. The second line, influenced by Pax-6, produces - and d-

cells, which secrete insulin and somatostatin (SST), respectively.

In this premise, the implantation of islet microencapsulation devices is being
suggested as a solution. Such devices contain many islets in an implantable device
that is placed in a cavity of the body. These can be advantageous as they are
mechanically stable and easier to remove. Device fabrication plays an important role
as a lot many cellular functions depend on it. The most crucial being the diffusion of
nutrients into the device/scaffold and the diffusion of depleted products out of the
scaffold [241, 242]. In two separate studies [243, 244] Colton and Lanza, respectively
reported the use of hollow fiber devices which are thin cylindrical semipermeable
membranes encapsulating several islets. These devices when implanted into diabetic

rats, not only produced normoglycemia, but also the explants were free from fibrosis
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and host cell adherence. Polysulphone capillary polymers, chemically modified with
hydroxyl-methyl groups provided improved glucose-induced insulin secretion
compared to unmodified hollow fibres [245]. Two planar diffusion devices have been
studied in detail. First, the Theracyte system [243], developed by Baxter Healthcare
Corporation and second, the islet sheet [246], created by The Islet Sheet Medical
Company. Both the cases showed initially attractive solutions but developed several
problems, the most common and important being the formation of fibrosis, limiting
transport of essential nutrients to the islets. The other limiting factor is the

administration of immunosuppresors.

Other materials marked as potential membranes for macroencapsulation
include, corona treated AN69 [247], micromachined silicon membranes with control
over pore size, hydrophilic poly-(ethylene glycol) and N-isopropylacylamide based
copolymer. Based on the knowledge gained so far it can be deduced that the

candidates for microencapsulation of islets must possess the following features:

(1) noncytotoxic to encapsulated cells,

(2) biocompatible in transplantation location,

(3) provide adequate permeability for oxygen, glucose and insulin,
(4) impermeable to antibodies and complement proteins,

(5) chemically and mechanically stable,

(6) high purity materials and

(7) minimal shrinking or swelling after transplantation [248, 249].

Poly-L-lysine (PLL), chitosan, hydroxyl-ethyl methacrylate-methyl methacrylate
(HEMA-MMA) etc [250-252] based devices have all been investigated for such

purposes.

The major limitations of such devices/scaffolds are related to mass transfer. In
normal condition, within the pancreas, the islets are well vascularized with blood and
oxygen. When they are removed from the pancreas and implanted elsewhere, they
lose their blood supply and hence rely on the diffusion for the delivery of nutrients
and oxygen transport [253]. Islets contained within membranes never get
revascularized therefore, diffusion through the device/scaffold serves for nutrient

supply, insulin removal and waste removal. Fibrotic tissue formation is another
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hindrance which reduces diffusion to and from the device/scaffold [254]. Hypoxic
conditions can be deleterious to the survival of the islets, leading to necrosis and

apoptosis [255].

This chapter presents our exploration on the possibilities of using a composite
made of porous polyethylene (pPE) and gold nanoparticles (AuNPs), as a
microencapsulation device. These scaffolds were designed in such a manner as to
provide maximum cell attachment, growth and proliferation along with ample space

to allow inflow of nutrients and out-flow of insulin and other waste matter.
5.2 Experimental Section

5.2.1 Fabrication of porous polyethylene scaffolds and their plasma

treatment

Fabrication of pPE scaffolds and their subsequent plasma treatment was done

according to the procedure described earlier (Chapter 3, section 3.2.2).
5.2.2 Attachment of AuNPs and lysine onto the pPE scaffolds

The attachment of AuNPs and lysine to the pPE scaffold is done in a layer by
layer fashion which is described earlier (Chapter 2, section 2.2.4)

5.2.3 Growth and proliferation of PANC-1 cells

PANC-1 (pancreatic epithelioid carcinoma, ATCC CRL-1469) cells used for
this study were obtained from the repository of National Centre for Cell Science and
were maintained and cultured in cell culture flasks (BD-Falcon) containing DMEM
supplemented with 10% (v/v) heat treated FCS and penicillin-streptomycin at 37 °C
in a humidified 5% CO,/95% air atmosphere. Cells were washed with phosphate-
buffered saline (PBS), detached by trypsinization (0.5% trypsin solution) and
collected by centrifugation. The seeding was performed in two different ways. In the
first method, cells were resuspended in a known volume of fresh media. Then these
cells were seeded into the scaffolds such that the initial cell concentration was 10’
cells/ scaffold. In the second method, cells were resuspended in a known volume of
medium to a final concentration of 10° cells/ flask. These cells were allowed to attach

and grow for 4-5 days till the formation of small islands takes place. These islands of
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PANC-1 cells were then seeded into the scaffold. All the experiments were performed

in a 12 well culture plate and care was taken to maintain sterility at each step.

Once the cells grow inside the scaffolds, differentiation is performed. Serum
free media (SFM) is used for this purpose. The media is removed from the wells that
are seeded with cells in the previous step and fresh SFM is added to it containing
DMEM/F12 1:1, BSA 1%, sodium selenite 0.0006mg/L, transferring 5.5 mg/L, IGF-1
10ng/mL. The day when all these were added, was counted as Day 0. Thereafter the
cells are incubated and the media is again changed on Day 4. Here again the medium
is discarded and fresh SFM is added with Taurine 0.3 mM. The cells are further
incubated. On Day 10 the media is again changed. This time SFM is added with an
increased amount of BSA 1.5%, Taurine 3 mM, GLP-1 100 nM, Nicotinamide ImM
and NEAA 100 uM. The clusters are now kept at 37 °C and are fed every other day. This
differentiation medium induces differentiation in the PANC-1 cells and at the end of 14

days several clusters of 3 cells can be seen.
5.2.4 RNA isolation and real-time PCR

RNA isolation and cDNA synthesis were carried out as described by Joglekar
et al. [256]. Briefly, cell samples taken out from the scaffolds were frozen in Trizol
(Invitrogen, Carlsbad, CA). RNA was isolated as per manufacturer’s instruction,
quantified using an ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE) and taken for reverse transcription and quantitative real-time PCR
(qQRT-PCR). cDNA was synthesized using a ‘high capacity cDNA archive kit’
(Applied Biosystems, Foster City, CA). Quantitative real-time PCR was carried out in
5 ml total volume in 96-well plates using cDNA prepared from 50 to 100 ng of total
RNA on a 7500 FAST real-time PCR cycler (Applied Biosystems, Foster City, CA).
Assay-on-demand primers and probe mixes were used as per the manufacturers’
recommendations (Applied Biosystems, Foster City, CA). Comparative transcript
analysis was carried out using TagMan Low Density Arrays (TLDAs; Applied
Biosystems, Foster City, CA). TLDAs were customized for assessment of 46 different
pancreas-specific genes transcripts. Here, 2mg of cDNA per sample was loaded in one
lane (48 wells) of each TLDA card as per the manufacturers’ specifications. Real-time

PCR was carried out using 7900 HT FAST real-time PCR cycler TLDA block
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(Applied Biosystems, Foster City, CA). Cycle threshold values for gene transcripts
obtained using real-time PCR were normalized with 18S rRNA. Normalized data sets gene

expression profiles were taken as input data for bi-directional clustering.
5.3 Results and Discussion

The objective of this study is to utilize the uniquely fabricated pPE scaffold as
a reservoir for pancreatic cells especially B cells of the islets. A definite number of
cells were seeded into the scaffolds and allowed to grow for 4 days. Optical images
were then taken at 20 X magnification using an inverted microscope (Olympus,

Japan).

Figure 5.1: Phase contrast images of PANC-1 cells growing in A) untreated pPE
scaffold, B) plasma treated scaffold, C) pPE scaffold containing AuNPs and D) pPE
scaffolds containing AuNPs and lysine.

Figure 5.1 shows the images of pPE scaffolds with PANC-1 cells growing in
them (encircled portions). The red arrows mark the polymer scaffold. It can be clearly
observed that the untreated scaffold (Fig 5.1 A) does not much support viability of
cells. In all the other cases the cell survival and growth is good as compared to the
untreated scaffold, the best being the scaffold containing AuNPs and lysine (Fig 5.1

D), where one can see that the clusters of cells are big and they fill up the spaces in

Ph.D. Thesis Virginia D’Britto University of Pune

81



Chapter 5

the scaffold. The same can be seen in the SEM images taken before seeding (Fig. 5.2
A and B) and after seeding and growth of cells (Fig. 5.2 C and D). The surface
chemistry of the AuNP and lysine treated scaffold provides the right criteria for the
cells to attach and grow to an extent that they fill up the spaces in the scaffold.

Figure 5.2: SEM images of pPE scaffold without cells (A and B) and with PANC-1 cells
(C and D).

The clusters of PANC-1 cells were imaged using Confocal microscope Zeiss
LSM 510 (Germany). For this each pPE scaffold was seeded with 10° cells. After
allowing time for complete cell differentiation the scaffolds were removed from the
media and the cells present in the scaffold were fixed using freshly prepared 4%
paraformaldehyde (PFA), permeabilized using 50% chilled methanol (v/v in water).
The scaffolds were then treated with Hoechst 33342 (Fig. 5.3), a fluorescent stain
which binds strongly to A-T base pairs in the DNA and exclusively stains nuclei.
Hoechst is excited with ultraviolet light at 350 nm and emits blue/cyan fluorescence

light with an emission maximum at 416 nm.

Figure 5.3: Chemical structure of Hoechst 33342.
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After draining off the excess dye, the scaffolds with the PANC-1 clusters were
carefully cut into very thin sections, which were placed in cavity slides. These
scaffolds were then viewed under confocal microscope (Fig. 5.4), which revealed
several clusters of PANC-1 cells marked by their blue stained nuclei. Formation of

clusters is an indication that the cells are undergoing normal growth and proliferation.

Figure 5.4: Confocal microscopy images of clusters of PANC-1 cells at different
positions in the pPE scaffold treated with AUNPs and lysine.

Further, the cells were trypsinized from each of these scaffolds after 14 days
of incubation and counted on a Neubauer’s chamber. There was a definite increase in
the number of cells in all the scaffolds as compared to the initial seeding value of 10
cells/ scaffold. As indicated by Fig. 5.5 the counts obtained from the scaffold layered
with AuNPs and lysine, (Fig. 5.5, bar D), were much higher than observed in all other
scaffolds.
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Figure 5.5 Statistical data representing the number of PANC-1 cells present in A)
untreated pPE scaffolds, B) plasma treated scaffolds, C) Scaffolds layered with AUNPs
and D) scaffolds layered with AuNPs and lysine.
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Various transcription factors are necessary for the proper functioning of
pancreas, while some are expressed during the process of differentiation. These
factors are pdx1, pax 6, ngn3, isl-1 pdx1 (pancreas and duodenal homeobox gene 1) is
a major pancreatic transcription factor that is necessary for pancreatic development
and endocrine function (knockout of pdxl in mice is marked by absence of
pancreas). Ngn3 (neurogenin3) is a crucial pro-endocrine transcription factor
(knockout of ngn3 in mice show normal pancreas but no islets within the
pancreas). Insulin-producing B-cells develop from a subset of pdx-1, ngn3, pax6 and
then isl-1-expressing cells. Hence these transcription factors were tested under the
differentiation conditions (Fig. 5.6). Though we could not test the production of
insulin, we do observe presence of the other two pancreatic hormone transcripts GCG

and SST in these differentiation experiments.
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Figure 5.6: Statistical data representing the expression of transcription factors from islets
grown on PP) petri-plates as compared to islets grown in A) untreated pPE scaffolds, B)
plasma treated scaffolds, C) Scaffolds layered with AuNPs and D) scaffolds layered with
AuUNPs and lysine.
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Figure 5.6 shows a comparative study for the expression of transcription
factors on a 2D surface i.e. a petri-plate (PP) and a 3D surface (Fig. 5.6 A -D). It can
be clearly noted that the expression of PDX-1 homeobox gene, Pax 6, Isl-1 and Ngn3
in case of the final treated pPE scaffold containing AuNPs and lysine is manifold in
comparison to all the others. Also the presence of glucagon is increased as compared
to 2D petri-plate grown islets (Fig. 5.6, PP). This suggests that the overall expression
of these factors definitely increases in the presence of scaffold. While it still remains
to be determined whether these differentiated islets could be a potential source for
insulin production or not, the preliminary results obtained are quite encouraging and

with a few minor changes could give the desired outcome.
5.4 Conclusion

Porous polyethylene scaffolds decorated with AuNPs and lysine, proved to be
good candidates as reservoirs of PANC-1 cells. They not only support growth and
proliferation, but also help in proper differentiation of these cells into B-cells which
produce insulin. The transcription factors pdx1l, ngn3, pax6 and isl-1 as well as
peptides gcg and sst were assayed and it was found that the clusters of PANC-1 cells
growing inside the treated scaffolds showed an over-expression of all except gcg. This
indicates that the differentiation process leads to the formation of B-cells in the
scaffolds which could be capable of producing insulin. The goal remains to maintain
viable cells/tissue after transplantation without immunosuppressive therapy, which
will require the use of a material to encapsulate the desired cells and protect them

from the immune system.
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Biological Synthesis of Metal
Nanoparticles and their
Cytotoxicity and Genotoxicity
Assessment

A novel procedure for the instant synthesis of AuNPs and AgNPs using the extracts of
some medicinally useful plants is been discussed in this chapter. Application of these
nanomaterials in fields of diagnostics and therapeutics might bring them in close
contact with mammalian cells. Therefore, cytotoxicity (MTT assay) and genotoxicity
(COMET assay) experiments have been performed on these nanomaterials. MTT results
have proved the bio-compatibility of these biochemically synthesized gold and silver
nanoparticles upto 10#M concentration towards HepG2 cells. At higher nanoparticle
concentration (10°M or above), DNA damage occurred which was very easily detected
by COMET assay. The overall study suggested that these biogenic metal nanoparticles

are non-cytotoxic and non-genotoxic upto 10-M.
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6.1 Introduction

Synthesizing newer nano material involving less harmful procedures is a
great challenge for material researchers. The answer to all such problems can be
usually found in nature itself. Several reported methods following these concepts
have been described in Chapter 1. To name a few - enzymes [257-259], proteins
(BSA etc.) [260, 261], microbial synthesis [262-272], fungus and fungal extracts
[273-279] and certain plant extracts [44-51, 280]. All these above mentioned
processes are based on “green approach” as they involve minimum or no use of
toxic chemicals etc. Certain plant extracts are known to contain compounds with
medicinal value. Their use as reducing and capping agent reduces the risk of toxic
effects otherwise associated with nanoparticles used for various bio-applications.
This has added a new dimension to nanoparticle synthesis. Shankar et al. used
lemongrass and geranium plant extracts to induce the formation of gold
nanoparticles or structures when reacted with aqueous chloroauric acid [46, 47,
49, 50]. Nanomaterials fall in the same scale as most of the biological molecules
of the living cells such as; proteins, lipids, nucleic acids and some cell organelles
[281]. Many of the medical and biological applications of these nanoparticles are
typically based on their interactions with such bio-molecules. In all circumstance,
it becomes very important to access the toxic effects of these nanoparticles prior

to their exposure to the human body.

On the basis of the discussion presented in Chapter 1, it becomes needless
to say that the minute size range of these particles makes them easily
internalizable through mammalian cell membranes [282]. The uptake of
nanoparticles has been reported to be size dependent [283] and occurs through
specialized cells by endocytosis or phagocytosis. Nanoparticles are known to
accumulate at particular locations i.e vesicles, mitochondria from where they can
exert toxic responses. Particles with smaller size carry larger surface area and thus
would involve in generation of a substantial amount of reactive oxygen species
(ROS), which play a major role in nanoparticle toxicity [284]. Generation of ROS
mediated oxidative stress and decline in antioxidant levels finally leads to
inflammation and fibrosis [285]. Numerous reports have been published dealing

with cytotoxicity/biocompatibility of different nanomaterials. Along with
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cytotoxicity the assessment of DNA damage is essential since it is the blue print of
life and many chemicals/xenobiotics manifest their toxicity in the form of genetic
insults, leading to serious consequences. In this regard, Dunford et al. [286]
studied genotoxicity of human fibroblast cells and reported that TiO,/ZnO
nanoparticles from sunscreen were found to induce generation of free radicals and

catalyzed DNA damage both in cell free system and in vitro.

In this chapter we describe the use of extracts obtained from two medicinal
plants Cephalandra indica and Calotropis procera to synthesize gold
nanoparticles (B-AuNPs) and silver nanoparticles (B-AgNPs) respectively. Here
‘B’ stands for biologically synthesized.

Cephalandra indica is a creeper that grows wild in several parts of India
(Fig. 6.1). It is a perennial creeper that clings on to fencings and other plants. The
edible type known as Kundri has a unique enzyme which efficiently delays
conversion of all carbohydrate foods into glucose. In fact the conversion is
delayed so much so that those suffering from Type II Diabetes make it a habit to

chew a raw fruit after a meal of rice, potatoes or bread made of flour.

Figure 6.1: Photographs of Cephalandra indica creeper (A); and its flower (B). Image

courtesy www.googleimages.com

Cephalandra Indica is a potent homoeopathic remedy for blood sugar and
blood urea problems, and the Mother Tincture is used along with Syzigium. The
homoeo medicine is an extract of the bitter variety. The stems, leaves, roots and
fruit all goes to making of the medicinal extract. Chewing the raw fruit relieves

and cures ordinary mouth sores. The crushed five-cornered leaves are used for
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suppressing boils and skin eruptions. Eating the fruit also heals simple gout
problems and cures coughs, acting as an expectorant. The juice of the leaves also
helps in minor kidney problems, flushing out toxins through urine. It is also used
for treatment of certain Sexually Transmitted Diseases. The edible and sweet type
when chewed raw after a meal also aids digestion and

smoothens bowel movements.

Figure 6.2: Photographs of Calotropis procera creeper (A); and its flower (B). Image
courtesy www.googleimages.com

Calotropis procera is a plant native to the Dead Sea (Fig. 6.2). Its root-
bark is very largely used as a treatment for elephantiasis and leprosy, and is

efficacious in cases of chronic eczema, also for diarrhoea and dysentery.

Earlier reports suggest the involvement of enzymes and other polyols
present in the plant extract to be responsible for reducing and capping of
nanoparticles [287-289]. Such active ingredient reduced/capped nanoparticles are
being considered as therapeutic agents [290] and as drug delivery agents [291].
However, it is important that we test any such nanoparticles for their cytotoxicity
and genotoxicity effects. Thus, in this chapter, we present our results on the
cytotoxic and genotoxic effects of gold nanoparticles (B-AuNPs) obtained by the
reduction and in-situ capping of Cephalandra indica extract and silver
nanoparticles (B-AgNPs) obtained by the reducing and capping action of
Calotropis procera extract. MTT assay was performed to study the cytotoxicity,
whereas COMET assay was undertaken for genotoxicity evaluation. The details
about MTT assay have already been discussed in Chapter 2, section 2.2.5.2.
Hence, only brief details about the COMET assay are presented in this chapter.
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The synthesis protocol and detailed characterization of B-AuNPs and B-AgNPs
have also been discussed in this chapter. A comparative discussion about
cytotoxicity and genotoxicity effects of B-AuNPs and B-AgNPs on HepG2

(human liver carcinoma) cells have been discussed in detail.
6.2 Preparation of Extracts

In our present study we have chosen two medicinal plants, namely,
Cephalandra indica and Calotropis procera. Each of these has tremendous
medicinal value and has been used since ancient times. The elixir was procured
from Dr. Mantri (homoeopathic practitioner). The extracts were prepared by
boiling various parts of the plants in a mixture of ethanol and water. The resultant

mother liquor was used in various proportions for the synthesis of nanoparticles.
6.3 Synthesis of B-AuNPs and B-AgNPs

Cephalandra indica was used for synthesis of AuNPs. In a typical
experiment 100 mL of 10* M HAuCl, was prepared and 100 pL of Ceph (extract
in EtOH/ H,O) was added to it. An instant change in colour from light yellow to
red, indicated the formation of AuNPs. The reduction of Au’" ions to Au’ begins
immediately upon addition of the extract. Within 1-2 mins the whole solution

becomes red.

Similarly, Calotropis procera was used for synthesis of AgNPs.100 mL of
10*M AgNO; was prepared and 100 puL of Cal (extract in EtOH/ H,O) was added
to it. The solution was kept at room temperature and after 15 min the appearance

of a yellowish colour in the solution indicated the formation of AgNPs.

Both the solutions were allowed to stand for 24 h, to ensure complete
reduction of Au’" and Ag” ions to their respective neutral metal states. The
nanoparticles formed are capped by certain molecules present in the extracts thus
allowing them to remain in solution for a long time. These nanoparticles were then
separated from the solution by means of centrifugation and further
characterization was carried out using UV-vis spectroscopy, TEM, XRD, FT-IR

and the overall charge was calculated using zeta potential.
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6.4 Characterization of B-AuNPs and B-AgNPs
6.4.1 UV-vis Spectroscopy

The UV-visible spectra were recorded from different conditions of B-
AuNPs synthesis (Fig. 6.3, A). Curve-1 is UV-vis spectra recorded from 10* M
solution of HAuCl, at neutral pH, showing the presence of surface plasmon
resonance (SPR) at 520 nm, characteristic for AuNPs. Further, 10° M HAuCl,
solution at neutral pH also showed the presence of SPR (curve-2). The reduction
was very rapid (1 — 2 min) as indicated by the formation of red color with a clear
and characteristic SPR. Similarly, UV-vis spectrum was recorded from B-AgNPs
synthesized form 10°*M AgNO; (Fig. 6.3, B). The characteristic SPR at 425 nm

confirms the presence of AgNPs.
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Figure 6.3: UV-vis spectra recorded from AuNPs synthesized using Cephalendra indica (4)

and AgNPs synthesized using Calotropis procera (B).
6.4.2 TEM
Figure 6.4 (A and B) represents the TEM images obtained from B-AuNPs.

The presence of different shapes and sizes of gold nanoparticles can be observed.
Polyols present in plant extracts are known to direct the shape of nanoparticles
towards more anisotropic structures. The same can be visually seen in the TEM
images. The average size of all the particles remains to be less than 70 nm.
Similarly, TEM images of B-AgNPs can be seen in Fig. 6.4 (C and D). It is
evident that the particles formed do not conform to any particular shape or

symmetry, but are varied in nature.
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Figure 6.4: TEM images obtained from B-AuNPs (A and B) and B-AgNPs (C and D)
6.4.3 XRD

The XRD sample for B-AuNPs and B-AgNPs was prepared by drop
coating the nanoparticle solution onto clean glass slides. The spectra obtained
from B-AuNPs and B-AgNPs (Fig 6.5) show the appearance of peaks
corresponding to the (111), (200), (220) and (311) planes characteristic of AuNPs
(Fig. 6.5, trace A) and AgNPs (Fig. 6.5, trace B) and thus, proving the crystalline

nature of these nanoparticles.

Intensity (a.u.)

20 40 60 80
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Figure 6.5: XRD spectra recorded from B-AuNPs (A) and B-AgNPs (B).
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6.4.4 FT-IR

FT-IR spectra of plant extracts and the nanoparticles obtained by their
reducing action on the respective metal ions recorded from 500 cm™ to 4000 cm’™

are shown in Fig. 6.6. and Fig 6.7.
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Figure 6.6: FTIR spectra recorded from the extract of Cephlandra indica (curve 1) and B-
AuNPs reduced using the extract (curve 2).
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Figure 6.7: FTIR spectra recorded from the extract of Calotropis procera (curve 1) and B-
AgNPs reduced using the extract (curve 2).
Fig. 6.6, curve-1 shows the spectrum of extract obtained from
Cephalandra indica with prominent peaks appearing at 1614, 1728 and 2933 cm'.
The spectra show a broad band centering at around 3336 cm™, which could be

attributed to the O-H stretching mode [292] in alcohols. The presence of alcohol is
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in accordance with the fact that the extracts were prepared in an ethanol/water
mixture. A very sharp transmittance band present at 1052 cm™ could be assigned
to the C-O stretch of C-O-H groups [292]. Curve-2 is the spectrum recorded from
B-AuNPs. It can be seen that the peaks positions have shifted due to the
involvement of certain groups in the reduction of Au® ions to AuNPs. Most

specific is the diminished peak present at 1096 cm™'.

Similarly, Fig 6.7 shows the FTIR spectra recorded from Calotropis
procera extract (curve-1) and AgNPs reduced by this extract (curve-2). The major
peak positions remain the same as that of Cephalandra extract with slight shift. In
addition there are two prominent peaks visible at 1607 cm™ and 1403 cm™ seen in
curve-1. This observation shows that the extract in general contains molecules
with similar functional groups which aid in the reduction and capping of the
respective nanoparticles they form. In the spectra showing AgNPs (curve-2) the
diminished intensities and shift in transmittance band from 1403 cm™ to 1412 cm™
and from 1059 cm™ to 1060 cm™ again present an interesting observation. The
disappearance or decrease in intensities of certain transmittance bands indicates

the involvement of those molecules in the formation of AgNPs.

6.4.5 TGA

The amount of capping molecules present along with AuNPs and AgNPs
was calculated by TGA (Fig. 6.8, A and B). Fig. 6.8-A clearly indicates that the

weight loss takes place in two major regions in the case of B-AuNPs.
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Figure 6.8: TGA data recorded from A) B-AuNPs showing 70% weight loss and B) AgNPs,

showing 30% weight loss.
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The first region appears around 200 °C (~30% weight loss) and the second
region around 330 °C (~40% weight loss) thus corresponding to total weight loss
of 70%. In case of B-AgNPs (Fig. 6.8-B), the weight loss occurs in three regions,
the first at 150 °C (~5% weight loss), and the second at around 250 °C (~10%
weight loss) and the third one around 375 °C (~15% weight loss) giving a total
weight loss of 30%.

This part of the chapter describes the MTT assay and COMET assay for
cytotoxicity and genotoxicity assessment of B-AuNPs and B-AgNPs respectively.

6.5 Cytotoxicity and genotoxicity assessment

Nanoparticles synthesized by biological means present better chances of
adaptability as compared to their chemically synthesized counterparts. Thus, they
can be employed in a variety of bio-applications. Prior to this, it is mandatory that
a thorough toxicity assessment of these nanoparticles be performed in-order to
establish safe and permissible concentrations. Keeping this in mind we also

subjected the nanoparticles synthesized above to such toxicity assessments.
6.5.1 Experimental Details
6.5.1.1 Materials

Ethyl methanesulphonate (EMS; CAS No. 62-50-0), normal melting point
agarose (NMA), low melting point agarose (LMPA) and ethidium bromide (EtBr)
were purchased from Sigma chemicals (St. Louis, MO). Ca™ and Mg ion-free
phosphate buffered saline (PBS) were purchased from Hi-Media (Mumbai, India).
All other chemicals were obtained locally and were of analytical reagent grade.

EMS, a well-known mutagen [293c] was taken as positive control in this study.
6.5.1.2 Preparation of different dilutions of B-AuNPs and B-AgNPs

B-AuNPs and B-AgNPs synthesized using the aforementioned plant
extracts were subjected to dialysis for 24 h against Millipore water using a dialysis
bag of 12.5-kDa cutoff in order to remove excess of plant extract, unreacted Au’"
and Ag’ ions and other impurities. Further, this nanoparticle solution was

concentrated up to 10 M by centrifugation. This solution was considered as stock
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solution. Lower dilutions of B-AuNPs and B-AgNPs for treatment of HepG2 cells

were prepared by diluting the stock solution.
6.5.1.3 Cell lines

HepG2 (human hepatocellular carcinoma) cell line was used for
cytotoxicity and genotoxicity study of B-AuNPs and B-AgNPs. The HepG2
(ATCC No. HB-8065) cell line was initially procured from National Center for
Cell Science, Pune, India and has been maintained further in Industrial Institute of
Toxicology Research, Lucknow, India. The cells were maintained in Complete
Modified Eagle Medium (CMEM) supplemented with 10 % Fetal Bovine Serum
(FBS), 1 mM sodium pyruvate, 2 mM glutamine, 50 U/mL penicillin, 50 mg/mL
streptomycin and 100 mM non-essential amino acids. Cells were cultured for 3-4

days (~80 % confluency) before the assay.
6.5.1.4 Sample Preparation for MTT assay

The above-mentioned stock solution (I mg/mL) of B-AuNPs and B-
AgNPs were used to make the working nanoparticle suspension by serial dilution
method. 100 pL of stock solution of B-AuNPs or B-AgNPs was diluted to 1 mL,
thus giving a working nanoparticle suspension of 100 ug/mL. This solution was
further diluted in a similar way. Thus, different B-AuNPs or B-AgNPs
concentrations ranging from 10 pg/mL, 1 pg/mL, 0.1 pg/mL, 0.01 pg/mL, 0.001
pg/mL and 0.0001 pg/mL were made in complete Modified Eagle’s Medium
(CMEM) containing 10% (Fetal Bovine Serum) FBS.

6.5.1.5 MTT assay

The assay was performed following the same method as described earlier

Chapter II, part A, section 2.2.5.2.
6.5.1.6 Morphological analysis

Morphology of cells before and after the B-AuNPs or B-AgNPs treatment
was examined under the phase-contrast inverted microscope (Leica, Germany).
The changes in the cells were quantified using automatic image analysis software

Leica Q Win 500, hooked up with the inverted phase-contrast microscope.
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6.5.1.7 COMET assay

In a typical experiment, cells (70,000-80,000 cells/well in 1 mL of
medium) were seeded into two separate 12 well plates and allowed to adhere for
24 h at 37 °C in the atmosphere of 5 %CO, 95 % air. From both the plates
medium was replaced with serum free medium (IMEM) containing B-AuNPs or
B-AgNPs ranging from 10 pg/mL to 0.0001 pg/mL concentrations and incubated
for 3 h at 37 °C. After incubation, the medium was replaced with PBS and washed
thoroughly. Now cells were gently harvested with 0.4 mL of 0.025 % trypsin (in
PBS). The effect of trypsin was nullified by adding 0.3 mL of CMEM
(supplemented with 10 % FBS) and collected in microfuge tubes. Additionally
wells were rinsed with 0.3 mL of PBS which was also collected into the same
microfuge tube. The COMET assay was performed according to the method
described by Singh et al. with slight modification [29]. In brief, cell pellets were
obtained by centrifugation (5000 rpm, 5 min), which were again resuspended in
100 pL of PBS. To this 100 puL of 1 % LMPA (low melting point agar) was
added, mixed well at 37 °C and finally layered on top of the end-frosted slides that
were precoated with 1 % normal melting point agarose. Now cover slips (24 mm x
60 mm) were placed on top of the slides and were kept at 4 °C. After 5 min the
cover slips were removed and 100 pL of 0.5 % LMPA was again layered on top of
the slides before placing the cover slips back and keeping the slides at 4 °C again.
After overnight lysis at 4 °C in freshly prepared lysing solution (2.5 M of NacCl,
100 mM of EDTA, 10 mM of Tris and 1 % Triton X-100, pH 10), slides were kept
in an electrophoretic unit (Life Technologies, Gaithersburg, MD), filled with
chilled and freshly prepared electrophoresis buffer (1 mM Na,EDTA and 300 mM
NaOH, pH ~13). The slides were left (in the electrophoresis solution) for 30 min
to allow unwinding of DNA. Following the unwinding, electrophoresis was
performed for 30 min at 0.7 V/cm using a power supply from Techno Source
(Mumbai, INDIA). To prevent DNA damage from stray light, if any, all the steps
starting from single cell preparation were performed under dimmed light. After
electrophoresis, the slides were immediately neutralized with 0.4 M of Tris buffer
(pH 7.5) for 5 min and the neutralizing process was repeated three times for 5 min
each. The slides were then stained with EtBr (20 mg/mL: 75 pL per slide) for 10

min in dark. After staining, the slides were dipped once in chilled distilled water
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to remove the excess stain and subsequently, fresh cover slips were kept over

them.

The slides were examined within 3-4 h, using an image analysis system
(Kinetic Imaging, Liverpool, UK) attached to a fluorescent microscope (Leica,
Germany). The images were transferred to a computer through a charge coupled
device camera and analyzed using Komet 5.0 software. All the experiments were
conducted in triplicates and the slides were prepared in duplicates. Twenty-five
cells per slide equaling 150 cells per group were randomly captured at a constant

depth of the gel, avoiding the cells present at the edges and superimposed comets.
6.5.1.8 Statistical analysis

Data were analyzed using Analysis of Variance (ANOVA). The level of

statistical significance was set at P < 0.05 and P < 0.01 wherever required.
6.5.2 In vitro toxicity of B-AuNPs and B-AgNPs

B-AuNPs and B-AgNPs are proposed to be used as drug delivery agents,
for treatment of cancerous tissues and as composites used along with polymers.
These nanoparticles may accumulate within liver which being the major organ
involved in metabolism, would be the most frequent to encounter these
nanoparticles. Accumulation of these particles at any site in the liver might elicit a
concentration dependent immune response. Therefore, looking at all the above-
mentioned possibilities, we have chosen HepG2 cells (equivalent to human liver
cells) and observed the cytotoxic and genotoxic responses of nanoparticles on

them.
6.5.3 MTT Assay of B-AuNPs

As it is very clear from Fig. 6.9 that B-AuNPs show negligible toxicity to
HepG2 cells at all the concentrations used in the experiment. More than 90 %
mitochondrial activity was recorded for each concentration. The activity for
control (HepG2 cells only) was taken as 100% and all the other concentrations
were plotted with respect to the control. This finding could also be confirmed by
the phase contrast microscope images of HepG2 cells taken after the incubation
with B-AuNPs (Fig. 6.10). Fig. 6.10 B, C, D and E are HepG2 cell images taken
after the treatment with 0.0001 pg/mL, 0.1 pg/mL, 1 pg/mL and 10 pg/mL of B-
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AuNPs respectively, which show cell morphology similar to untreated (Fig. 6.10
A) HepG2 cells. HepG2 cells with elongated and well intact morphology adhered

to the culture plate surface could be seen even after B-AuNPs treatment.

The phase contrast image of HepG2 cells treated with 100 pg/mL B-
AuNPs (Fig. 6.10 F) showed very few viable cells, as only cell debris could be
seen and therefore concentrations above 10 pg/mL were not taken for the
experiments. Aggregates of B-AuNPs can be seen in the form of dark patches

spread over a wide area.
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Figure 6.9: Statistical data representing the % Mitochondrial Activity of human
hepatic carcinoma (HepG2) cells after treatment with different concentrations of B-
AuNPs for 24 h. Details are discussed in text.

The optical image of HepG2 cells treated with 10 pg/mL B-AuNPs (Fig.
6.10 E) do not show much change in cell morphology, indicating that there is no
cytotoxic effect of B-AuNPs as the corresponding MTT result shows ~ 100 % cell
survival. The increased % mitochondrial activity observed could be due to the
contribution of B-AuNPs which also show absorbance in the same range.
Therefore it could be concluded here that B-AuNPs at concentrations 10 ug/mL

and below are non-cytotoxic.
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Figure 6.10: Optical micrographs of HepG2 cells treated with different concentrations of

B-AuNPs exposed for 3 h. Figure B, C, D, E and F are images of HepG2 cells after 3 h

treatment with 0 ug/mL, 0.0001 ug/mL, 0.1 ug/mL, 1 ug/mL, 10 ug/mL and 100 ug/mL of

B-AuNPs. Figure A shows the morphology of untreated (control) cells of HepG2 cells

incubated for 24 h.

6.5.4 COMET Assay of B-AuNP

Further, the genotoxicity of B-AuNPs on HepG2 cells was also performed
employing COMET assay. Though, MTT assay results show that nanoparticles
below 10 pg/mL concentration do not show any significant toxicity, it becomes
important that we study the genotoxic effects of the same concentration.
Cytotoxicity assessment is a way to record the immediate response of cells which
come in contact with a foreign material whereas the genotoxicity assessment
reveals a long-term response. Thus, it is important that we investigate the
genotoxicity of those concentrations that do not actually show any cytotoxicity.
Fig. 6.11 A shows the % tail DNA pattern of HepG2 cells treated with different
concentrations of B-AuNPs. The % tail DNA value for control cells was recorded
to be 4.95 units. There was a very slight increase seen in the samples treated with
nanoparticles showing values of % tail DNA at 5.58 units, 5.43 units and 5.97
units corresponding to 0.0001 pg/mL, 0.1 pg/mL and 1 pg/mL of B-AuNPs.
Further, the resultant comet pattern from the HepG2 cells also show an intact head
and complete absence of DNA fragments in the form of tail (Fig. 6.11 b, ¢, d and
e), suggesting that these doses are not genotoxic. However, B-AuNPs at 10 pg/mL

concentration show increase in % tail DNA (6.11 unit) when compared with
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control (4.95 unit). This increase in % tail DNA pattern was also found non-
significant when analyzed with ANOVA. This can also be concluded from the fact
that EMS, the positive control, displays a % tail DNA corresponding to 33.2 units.
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Figure 6.11: COMET results obtained from 3 h exposure of HepG?2 cells with different
concentrations of B-AuNPs. Two comet parameters, % tail DNA (A) and Olive tail
moment (B) were considered as measure of DNA damage. Figure a, b, ¢, d and e are
images of comet showing the pattern of DNA after the exposure of HepG2 cells to 0
ug/mL, 0.0001 ug/mL, 0.1 ug/mL, 1 ug/mL and 10 ug/mL concentration of B-AuNPs
respectively. Figure ‘f” represents the comet pattern obtained after treatment with 100

Similarly, Fig. 6.11 B shows the OTM values recorded from the DNA of
HepG2 cells after the treatment with different concentrations of B-AuNPs (0
pg/mL, 0.0001 pg/mL, 0.1 pg/mL, 1 pg/mL and 10 pg/mL) for 3 h. All
concentrations do not show any significant increase in OTM (0.77 unit, 0.78 unit,
and 0.79 unit) when compared with OTM of control cell (0.73 unit). However,
OTM pattern of HepG2 cells treated with 10 pg/mL of B-AuNPs shows an
increase in OTM (0.93 unit) as compared to control (0.73 unit). From the analysis
by ANOVA, this dose was not found to be significantly toxic. This suggests that
even though slight DNA damage occurs at this concentration, it is very minute and
cannot be considered as toxic. The corresponding OTM value for EMS treated

cells was found to be 8.46 units. This is again confirmed by the comet pattern of
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the cell DNA (Fig. 6.11 a-e) showing the entire DNA present in the head. From
comet pattern of cell DNA (Fig. 6.11 e), it is clear that 10 pg/mL concentration of
B-AuNPs show little DNA damage, as most of the DNA is intact in the form of
comet head and looks similar to control COMET pattern (Fig. 6.11 a). This result

again confirms our MTT observation.

As per COMET assay guidelines [294] and based on our MTT
observations, concentrations of B-AuNPs above 10 ug/mL were not used. Further,
it may not be necessary to study the genotoxicity, if the cells are already dead due

to cytotoxicity.
6.5.5 MTT Assay of B-AgNPs

With similar experimental conditions, MTT assay of B-AgNPs was also
performed on HepG2 cells. Figure 6.12 shows the cytotoxicity (MTT assay)
response of HepG2 cells after 24 h treatment with different concentrations of B-
AgNPs (0.0001 pg/mL, 0.1 pg/mL, 1 pg/mL and 10 pg/mL). However, the lower
B-AgNPs concentrations (0.0001 pg/mL, 0.1 pg/mL and 1 pg/mL) showed ~ 80-
90 % cell survival, which can again be correlated with the optical images showing
cell morphology (Fig. 6.13 B, C and D) with untreated (Fig. 6.13A) cells. HepG2
cells treated with these lower concentrations of B-AgNPs showed almost similar

morphological characteristics to untreated cells.
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Figure 6.12: Statistical data representing the % Mitochondrial activity of HepG2 cells
after treatment with different concentrations of B-AgNPs for 24 h. Details are discussed
in text.
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Figure 6.13: Optical micrograph image of HepG2 cells treated with different
concentrations of B-AgNPs exposed for 24 h. Figure B, C, D, E and F are images of
HepG?2 cells after 24 h treatment with, 0.0001 pg/mL, 0.1 ug/mL, 1 ug/mL, 10 ug/mL
and 100 ug/mL of B-AgNPs. Figure A shows the morphology of untreated (control)
cells of HepG?2 cells incubated for 24 h.

HepG2 cells showed ~ 75 % cell survival when exposed to 10 pg/mL B-
AgNPs. This was further justified by the phase contrast micrograph of HepG2
cells treated with 10 pg/mL B-AgNPs (Fig. 6.13 E). Cells with regular
morphology are seen with a few aggregates. But a 75 % survival obtained with
this concentration even after 24 h of exposure clearly indicates that this
concentration is not really toxic to the cells. In case of HepG2 cells exposed to
100 pg/mL of B-AgNPs (Fig. 6.13 F), very few cells are seen along with lot of
dark coloured aggregates; damaged cell remains are quite visible. This

concentration was thus not taken for further genotoxicity studies.

Therefore, it can be concluded that B-AgNPs upto 10 pg/mL are fairly
biocompatible to HepG2 cells. Thus, they could be safely used for different bio-

applications.

6.5.6 COMET Assay of B-AgNPs

In order to investigate the effect of B-AgNPs on DNA of HepG2 cells,
COMET assay was performed in a similar way as was done with B-AuNPs. Here
also two COMET parameters (Olive tail moment and % tail DNA) were

considered for genotoxicity evaluation.
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Figure 6.14 A shows the % tail DNA of HepG2 cells after 3 h of treatment
with different concentrations of B-AgNPs (0.0001 pg/mL, 0.1 pg/mL, 1 pg/mL,
10 pg/mL). The lower concentrations of B-AgNPs (0.0001 pg/mL, 0.1 ug/mL, 1
png/mL) showed % tail DNA values of 4.84 units, 5.11 units and 6.03 units and
COMET pattern as untreated cells (4.77 units). However, 10 ng/mL concentration
of B-AgNPs caused an increase in % tail DNA (6.76 units) as compared to
untreated cells (4.77 unit). This increase in % tail DNA was found to be non-
significant when analyzed with ANOVA. This suggests that 10 ug/mL of B-
AgNPs causes little DNA damage but this dose cannot be considered as
genotoxic. The % tail DNA value of EMS was recorded to be 36.67 units. These
results could again be correlated with MTT assay results, obtained after 24 h
incubation of HepG2 cells with B-AgNPs (10 pg/mL). The COMET pattern of
HepG2 cells treated with 10 pg/mL concentration of B-AgNPs (Fig. 6.14 e) also
showed well intact DNA head with negligible amount of DNA in the form of tail.
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Figure 6.14: COMET results obtained from 3 h exposure of HepG2 cells with different
concentrations of B-AgNPs. Two comet parameters, % tail DNA (A) and olive tail moment
(B) was considered as measure of DNA damage. Figure a, b, ¢, d and e are image of
comet showing the pattern of DNA after the exposure of 0 M, 10 M, 10° M, 10° M and
10”° M concentration of B-AgNPs to HepG2 cells respectively.
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Further, OTM patterns were analyzed after 3 h incubation of HepG2 cells
with B-AgNPs. Here also, lower concentrations ((0.0001 pg/mL, 0.1 pg/mL, 1
pg/mL) showed almost similar amount of OTM (0.77 unit, 0.83 unit and 0.86
unit) as was recorded for untreated cells (0.71unit). Whereas HepG2 cells treated
with 10 pg/mL of B-AgNPs showed increased amount of OTM (0.92 unit) as
compared to untreated cells (0.71 unit), which is again non significant under
ANOVA analysis. The positive control, EMS, gave a value of 8.98 units. These
results were further supported by COMET pattern obtained from respective B-
AgNPs treated HepG2 cells (Fig. 6.14 a, b, ¢, d and e). Therefore, it could be said
that B-AgNPs are non-cytotoxic and non-genotoxic to HepG2 cells up to 10

pg/mL concentration and can be used safely for different applications.

In-order to compare the toxicity due to B-AuNPs and B-AgNPs we must
evaluate the amount of nanoparticles present in 10 pg of nanoparticle sample.
According to TGA analysis there is a total weight loss of 70% in case of B-AuNPs
which gives 0.6 uM of AuNPs available for interaction. In the same way it has
been observed that total weight loss of 30 % in case of B-AgNPs corresponds to
0.8 uM of AgNPs. On comparing MTT data of B-AuNPs and B-AgNPs it was
observed that the former gave~100% cell survival while the latter showed ~75%
viability. The values of % tail DNA was also greater in case of B-AgNPs (6.76
units) as compared to B-AuNPs (6.11 units). Although the OTM values in both
the cases remain the same. The increased % tail DNA and decreased cell viability
in case of B-AgNPs can be attributed to the presence of more amount of silver
compared to the amount of gold present in the same weight of B-AuNPs sample.
At lower concentrations the nanoparticles in both the cases, showed

biocompatibility.
6.6 Conclusion

This chapter describes the cytotoxicity and genotoxicity evaluation of
plant extract reduced Au and Ag nanoparticles against human liver carcinoma cell
lines (HepG2 cells). The extracts of Cephalendra indica and Calotropis procera
reduce Au’" and Ag” ions to AuNPs and AgNPs respectively. These nanoparticles
showed biocompatibility up to the concentration of 10™* M, which is considerably

higher than the reported values. Among B-AuNPs and B-AgNPs, the former
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showed better biocompatibility within the same concentration exposed to cells.
Therefore, they can be safely used for different bio-applications. The results
obtained in this study encourage us for further study of these nanoparticles in

biomedical applications.
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Conclusion

This chapter presents the conclusive remarks and the salient features of the work,

described in this thesis. The scope for future potential developments in this field are
also delineated.




Chapter 7

7.1 Summary of the work

The main aim of this thesis is to study newer surfaces for cell growth and
proliferation. The work presented here offers a simple an easy approach towards

fabrication of cell friendly scaffolds.

Known methods were employed for the synthesis of metal nanoparticles (gold
and silver), which played the important role of *“anchoring moieties” helping in
further assembly. This treatment of polymer surfaces led not only to healthy cell
growth, but also to a satisfactory degree of cell proliferation. The concept was first
proved by using a 2D poly(etherimide) surface (PEI films). This was carried forward
to porous 3D scaffolds made of polyethylene, which are being used as volume filling
implants. A variety of cell types were used for the experiments such as CHO-K1,
NIH3T3 and PANC-1. The scaffolds provided a very conducive atmosphere for these
cells to grow and proliferate. We even observed that the scaffolds were able to
support cell differentiation in PANC-1 cells. The cells formed clusters and were able
to express the genes (PDX-1, Pax6, Ngn3, ISL-1, GCG and SST) which confirm their

differentiation.

An important part of this thesis deals with the fabrication of 3D scaffolds
possessing antibacterial property. This investigation is attractive from the implant
associated infection point of view. The scaffold studded with silver nanoparticles
proved to be resistant towards organisms like Bacillus subtilis, Pseudomonas
aeruginosa and Staphylococcus aureus. As an important step further, these
antibacterial scaffolds were tested for their ability to support mammalian cell growth
and proliferation. Unsterilized scaffolds were seeded with CHO-K1 cells and
incubated. Interestingly bacterial growth was checked in the silver nanoparticle
studded scaffold, which in turn favoured CHO-K1 cell proliferation. All other

scaffolds succumbed to bacterial contamination.

In the need to find new methods for synthesis of nanomaterial which could be
more eco-friendly, easy to synthesize and biocompatible; we used the extracts of
medicinal plants such as Cephalandra indica and Calotropis procera. The former was
used to prepare gold nanoparticles while the latter served well for silver nanoparticles
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synthesis. Investigation of toxic effects of these nanoparticles on HepG2 cells

revealed their biocompatible nature upto 10 M concentration.
7.2 Future Aspects

The results obtained in the related chapters open avenues for more research in
these fields. We have preliminary results which suggest that the toxicity level of
biologically synthesized metal nanoparticles is much less as compared to the most
common chemical synthetic route using sodium borohydride. However, further
investigation is needed in order to prove this. Also the biosynthesized gold and silver
nanoparticles prepared herein could find various bio-applications.

Many materials have been investigated, but to date no material can block all
components of the immune system that might attack the transplanted cells/tissue and
still facilitate adequate transport of oxygen and the secreted end product, in this case,
insulin. Work is needed to develop even better materials for islet encapsulation. Other
means, such as locally delivered immunosuppressive agents and scavengers of toxic
molecules, may be needed to provide the extra protection that islets require. It may be
necessary to transfect islets with anti-apoptotic genes to protect them when exposed to
inflammatory stresses and metabolic limitations, enhancing their ability to survive

these adverse conditions.

The efficiency of scaffolds specifically designed to counter bacterial infection
could be studied further by in-vivo experiments. This would give the actual

performance level of the scaffolds, which can then be further modified.
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